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The work presented in this report represents an eighteen

month program in which experimental and theoretical investigations

were made on several aspects of the cesium plasm theriionic con-.

verter. Data were taken on the electron emission properties of

tungsten, tantalum, molybdenum, niobium, rhenium, iridium and

tantalum carbide. Two methods were used in this study; one vas the

measurement of the I-V characteristics of diodes using emitters of

these materials and the other was the direct measurement of the

saturation emission current density by the plasmA-anode technique.

It is possible to make some separation between emission effects and

transport effects by combining results of those two measurements.

Studies were made on several important loss mechanisms in the

thermionic converter. Among these were the thermal conduction loss

in the cesium vapor, losses assocated with electron scattering in

the plasma, and losses due to reflection of electrons by the collector.

A study was also made of the evaporative loss of the emitter in the

presence of cesium. The experimental data collected has been used for

an extensive theoretical analysis of the efficiency and lifetime of

a thermionic converter. Theoretical treatments are also given for

energy and mass transfer in the cesium plasm and of electron emission

in the presence of a plasm.
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CHAPTER ONl

"CURRENT VOLTAGE CHARACTERISTICS OF VARIABLE SPACING DIOlM
. WITH M REACTORY MA.TERIAL SKITTERS

. A program was carried out to study the current-voltage

S".characteristics of cesium plasm thermionic diodes with a variety

A., of refractory material emitters. These emitters have included

"tantalum, molybdenum, niobium, rhenium, iridium and tantalum carbide.

Measurements were made over wide ranges of emitter temperature, cesium

~ pressure and electrode spacing. The purpose of this program was to

* ~ :.find materials best suited for thermionic conversion, and to provide
Su,,. A esign informaion for thermoic conversion hardware.

1." "•.i:.;" " A universal cell was constructed for these studies, in which

" te'emitters are easily interchangeable and in which the interelectrode

S i can be varied continuously. A photograph of this cell is shown

L o N" .. . in Figure 1-1. The two flanges are sealed with a bakeable, copper

1/ a .. r gasket. The emitters are in the form of ribbons, 0.010 in.

thick, 0.080 in. or 0.160 in. wide and about 2 cm. long. They are

fastened to the binding posts in the lower flange. The collector plate

"is fastened at each end to a micrometer drive on the upper flange, so

that the electrode surfaces can be kept accurately parallel even at very

close spacing. The cell has an optical port which views the emitter-

collector assembly, and the emitter temperature is measured with an

optical pyrometer. The window material is sapphire, which is resistant

Manuscript released by the author January 30, 1963 for

publication as an ASD Technical Documentary Report.
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1.2

to darkening by cesium even at high temperatures. The interelectrode

spacing is also measured through this port by means of a cathetometer.

The spacing may be adjusted down to 0.001 in., and a photograph taken

through the port with the gap set at 0.0015 in. is shown in Figure 1-2.

The emitter is directly heated with half-wave rectified a-c power, and

the measurements are made during the off part of the cycle, so that there

is no voltage drop along the emitter associated with input power. The

voltage across a variable load resistor is measured with an oscilloscope.

A mercury wetted switch, which is in phase with the heating power, opens

the cell output circuit during the heating part of the cycle so that there

is no voltage across the load resistor. The switch is closed with a

very low value of resistance (0.01 ohm) during the measuring part of the

cycle. Correction is made for voltage drops in the leads, filaments and

switch. A diagram of the measuring circuit is shown in Figure 1-3.

A set of emission data for tantalum is shown in Figures 1-4 to

1-9. At a cesium reservoir temperature of 2020 C, 0.0148 in. spacing, the

emission current is biatable at cathode temperatures of 1549°C and

16610 C. When the spacing is reduced to 0.075 in., an interesting feature

occurs in the emission, as shown in Figure 1-5. At cathode temperatures

of 17740 C and 16610 C, the cell current is tristable with voltage. A

"heel" forms in the current curve at these temperatures which is more

prominent at the lower temperature. This phenomenon is not understood

at the present time, and must be further studied. At a cesium reservoir

temperature of 2480 C, the current is no longer bistable over the range
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of cathode temperatures measured, as shown in Figures 1-6 andI..-7.'.' At

0.075 in. spacing, it appears that a low voltage arc is struck at

negative cell voltages for the two highest emitter temperatures. ýFigue

1-8 and 1-9 show the behavior at a cesuim reservoir temperature of 23 0

A set of emission data was taken for a 2 mim'. wide: molbdnu

emitter, the results of which appe~. in Vigd~reso 14ý0` -o-8 Data was

taken of spacings of 0.004 in. and -0 .015 in.,.for csiu~m reservoir
00temperatures between 202 C and' 32ý5 C. Bitbebhvo~~usonly at .,

the 202 C reservoir temperatur'e. .

The low voltage arcing pihenominon wh~icI. oýc'c-u'rs at t'-*hehig~he'r. *",.

cesium pressures appears to be initiated in'th~isii curveis a.tia'bout zero
. . %S4. A

cell voltage. Since this has be h-en. r oflceil..oupu

voltages, the effect of geometry othe, curn votg harict~er s cs

was studied by repeating these -measur~ements us ing An -emitter -2which`was~ a 1

twice as wide, 0.160 in. 'A set of -da't~awa's"t~akenfo~r" cesiuimmreservoirK..4ý. '.

temperatires of 300 'C and 325'd,' and sp~acings'of .0A05`In ,and:0C5 n' *

The emitter temperature range'was' from 11479 C to1840 C.'.The. curvesifore*

thijs data are shown in Figures 1-19 to..l-21.. it was" found, thatfJror,

lower cesium pressures the change in geometry had no efeton, the

characteristic, while at these higher pressures ther~e -was a great:,effect-..'r

For the wider emitter, the curves are-shifted by~apout.*one volt~to more~~:.

negative voltages, so that well defined arcing occurs for voitages.iess-
than zero. Current densities up to 10 amps/cm2 were measured, but' these

points do not appear to fit well on the curves.



A peculiarity: observedý in. the characteristic's is that the'

.. . . .. currents c epnigto the lowest emitter temperature are not always
# .:7

:over than that .corresponding to higher emitter temperatures'.,, The-

........................urn thiie:,.1479' C emitter temperature are lowest uptoael

.voltage. of abo)ut' 0.2 volts. Then the current rises and exceeds those.

for. higher. e4mitter temiperature. The characteristics -at thpeX3 ce':ia"6

~reervir emeraureapparto be shifted by about one half avbt,

.4

A.' ~'set."1of-.current -voltage data was taken for a mmu wiiae

'-._f4±o0biu emitt~ir~.Data was taken -or cesium reservoir temperatures of

-200 Ci 250 C,* 300 C. and 325>C. Emitter temperatures from 1479
0i u

* l1840.kC -were ktsued -.temitter-collector spacings of 0.005' in. arid

~0"015-I'."~ The`results' a~re shown on the curves of Figures 1-22^ to 1-.29.

Thecoclwonmayb' drwninmmediately that n~obium is an inferior-.

............... ~fhemini onereremttrmaterial as com~pared to tx'ngsten, 'ta'ntalum..ý...'-.,ý.

ormlybdenu Athe lovest cesium pressures, cell curýrents-remain lo!-:w

.3 ' ell3Xinto' the "r'egion*'n of positive cell voltages. .At. the-2560C ces iumbh

ttemperature arcirig'occurs ait ie'gative cal vltU foAý the two highest .-

~rjter emertue.'AnIterestin feature here,' however, is that the

currents are greater foir*the .0.015 i.spacing than. for the 0.005 in., so

tihat appare6ntly the optimum spacing lies betwee.i 0.005 in. and 0.015'in.

for these conditions. At a cesium reservoir temperature of 300 C there

is only a small change in current with spacing, but the same low emitter

temperature phenomenon which vas observed for molybdenum also occurs here.
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That is that the I-V characteristic for the lowest emitter temperature

. is lo:4est: for negative cell voltages, but crosses the higher temperature

"characteristic' at about +0.25 volts. This phenomenon is clearly shown

in the two* sets• of curves for the 3250C bath temperature; for cell
.0 . '..' .:

voltages more negative than about 0 at 0.015 in. or -0.2 at 0.005 in.

the cur!ents 'are higher for higher emitter temperatures and Stv ,age

more .*po ositive'than these, the currents are higher for lower emitter

temperatures. A complete cross-over of the I-V curves ocr.ars at 0 volts

and -02.'volts. An understanding of this data will require further

analys i's`.".

A set of current-voltage characteristics was measured in the

variable i:spacing. cell for a 4 mm wide rhenium emitter. Measurements

0 0were dýne for..cesium reservoir temperatures from 2000C to 325 C, emitter

tempe ratures'.'from 14790C - 18400C, and emitter-collector spacings of

0.005 in.-and 0.015 in. The data is shown on the curves in Figure 1-30

. to F.Lgure" i-37. The results indicate that rhenium is a favorable

"thermionic onverter emitter material. Short circuit cell currents of

appro..-imately 30 amps/cm2 are indicated, and currents around 16 amps/cm2

at an output voltage of 0.5 volts. Nowhere within the range of measure-

ment was there observed a decrease of current with decreasing spacing,

as was the case with molybdenum and niobium.

At the lowest cesium reservoir temperature, 2000C, the

characteristics exhibit the triple mode behavior which has also been

observed at low cebium pressures with other refractory metals as emitters.

This is shown on Figures 1-30 and 1-31.
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The crossover of current for the low temperature characteristics

are illustrated well for rhenium on Figures 1-34 and 1-35. It appears

that the crossover would also have occured for the characteristics on

Figures 1-36 and 1-37, if the measurements had gone to higher currents.

A tantalum carbide emitter was fabricated for the variable

spacing cell by firing a tantalum ribbon at 12000 C in an ethylene

atmosphere, and monitoring the change in its resistance as an indic&tor

of its carburization. After this treatment, an x-ray reflection picture

was taken, which shoved that the carbide formation was complete to the

penetration depth of the x-ray beam. A set of current voltage charac-

teristics were measured over the usual range of cesium pressures, but

only emitter temperatures of 14790 C and 15980 C were tested. The result-

ing curves are shown in Figures 1-38 to Figures 1-45. The emitter was

again subjected to x-ray examination after the data had beer, taken. This

examination indicated that while TaC was the predominant ctw nent before

the measurements, Ta 2 C was predominant after the measurements. Because

of this uncertainty in the cumposition, the data cannot be accepted with

a high degree of reliability. There is no indication that this material

would be desirable for thermionic conversion.

An iridium emitter was tested in the cell, although the

evaporation rate of iridium is excessively high and the characteristics

for the higher temperatures could not be measured. Measurements were

done for emitter temperatures of 1497°C and 15980 C at cesium reservoir

tempertures of 150°C to 275°C. These measurements are shown in
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Figures 1-46 to 1-55. High values of current are obtainable for

relatively low emitter temperatures and cesium pressure, so that

iridium might be favorable vbere lover temperature emitter operation

in desired.



Fig. 1-1 - wauble Speacin 0.2.



II,

I
i S

*1*4a

01



1.10

10 Amp 2 Silicon Rect.
Varlac 0VI, 35A
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Fig. 1-3. Teat CIrcuit



11.1

WOW_ _ __ _ _ _ _ __ _ _ _ __ _ _ _ 

ow'0 
.00

OPloo ii 1 1
so- qq4 m so M

ýwowq us~jn



1.12

I III

14 -

*, . 1.

..00,

1001

'0 ' a '00

-e -e

jo I I . Ih I I I



*~. A1.13

4Ai

C0C

Ip 4. I I '* *

S. . . . ..

S do,

Ij OW
u~j~~I Io 00 'ome~lp 4wo Ijp OP

I~00 I I I I

- - - -

C*4 00 JNd



CL CtrzC61.1 4

____ ___ ____ ___ ____ ___ ____ ___ ____ ID

li I 3sw uin



N 1.15

CL I I I

Fa

4c4

11/5
Iz w~isdwe) iueiJno



14,

/0#

44l 00 %0 qC

.yo~isdwe 40'Jjn



1.17

II

In 5. .5

IIoi o .

CD

Go CY

woldwe~ juan



iwtil
N

00

* S

z i Ao e 'iuojno



SR 0044 1o
Co

-W CD cm

woo:0 u~jin



1.20

l I I I I , I I I

, ,.n

m F. a

00.4

CD

so -0 o



1.21

00491

w~ow juiin



.122

'J0.d
:9 Rif

-0 00 4

,w~~lnwj Iuin



1.23

0 44

CDu

0.

08

9 st D w *4 j
w~ls~w uiu9-;



1. 24

,~00.4

Co

oJ

so *0

ion" wmC



1-25

WUi1SW~M 'JOMOd

0 -

NO %aSC

,w~ldwiJu~j$n



1.26

,do

I I I I I I I I ,

4A

OD le qwC



1.27

I.

I so

~I~c~ - -

~!'iiIem

C~-

(,w3sdwo luojn:)119



1.28

091



1.29

%j I t

a~co % C% cm O % -0 m C
w~lsdo) iojjn: Ils



1.30

I I I I I I I I *

34

E 5 S

jxI� Vi�'U
99

i:�oL� I�I 8
� m

0
* Sa

'.4
4'

aI, I
U

a I
0

I

4 0 I
0

0

K'-

2

I I I I I I I 1'iI
e0 ' N C * N 0- - p4 - -

(zW2IPJIilh) IUSJJN� IIO�



* .4

so C4
(Zwide l*i3l:



1.32

• I I I I I I I I S

E

t o %4=-

" ICD

0k

go 0 ~ 11!w C%!C
(iw~sfte ju~jn3 la:



, E

(,3sds 1111 10
cm CD



1.3

lm

qr C4 Cb m -0 -0 c
(,w~lsfte luUn p



lz I I sdo iujn Ip



jMe

f 19

Nout

0I



1. ~

k I

I~
(Z3/douIin I 11-



L 40

'Oak I

few *M) uujnllo



.4 0

P-4 0-4 .LZ w Ei jsw)j~j l:



1..0

E u

4 2

ca so 0 qr t

(ZW3 ~me)luojj~lY4



IA

ALrf

.~-u.Co

~42

fI w Iswo iuoj I I I



1.412

iw.

(* /WWI) p1.. no ll8.



U-A

41

CD

04
so C~l

(jW/A IWD~n~lI



1.1414

I I I I I S

12
S
* .3
* ; �
�rf �

IE�J - 4�d

I
-

0 I

0

II
0

0 3j
a,

I
.4

I I I
- q* W 4d



E.4

00

11sw uai310



E6

3E3

so ýo W C44C

jw~fteluojjn) 
Clo



1.117

a

4 j1

- -- -

C-400C- 4



1.46

F IS I I

Y'4

FE 4c

U-

OD so 9



1.119

L*
- I

Zw3/swe 'u~jjn Ils



1.50

LpA

v 3C

L I
so CD

er*lwI318



L.p

PalI 
I

UNIE !

Cp

zw3sdwe '1uaJin: 1193



1.52

10 q1
Imin lci



1.5

C, D

44

4 3sw)jai319



C-)

24.4

CD

C-4

ýw/sdwv)C. jujo19



1.55

0

r-0

-4

E .~ 4

cv CD-

awsw)j~j31p



L,,6f

I I I I

0

*1=

.- C))0 a
0p

0

a rj

-%8
.13

-m

ýw/s.wv -Ijn319



1.57

L.U-

0

CD

NI

yu:)tsdweo auino19



1.58

C.CM

0

E

E 02

u.-o 0

_v CD
U..406fl

0 aun :)l



1. 59

0

* = (.)

I.AI

li Go s
wo/sdwe) -4inoIe



.L.60

0

R$

C.

IL 0

IA
U'

'40 00 CV 4- -2

(ZwI~I~wW) luBJnfl: 1I93



1.61.

00

CM

C"
a- 06ac

ýwp/sdwv)~ iujno19



1..62

m Z I Q

00

N G C

*wsdv iuon 119



2.1

CNAPTI WO

SA•0RATION DESSION CUEMB•RD'' MASWImDeU ON EPRACBT•I KAZUIAXBS

UEZE "PLASMA ANKD1r 'IIwNquz

Measurements of maturated thermionic emission from refractory

metals in cesium vapor have been made using the plasma anode technique

originated by Marchuk(l) and used by Houston. (2) The method uses the test

material in the form of a smail wire loop emitter, typically 5 nil

diameter, passing through insulating ceramic sleeves which expose a

short length of the loop to a cesium vapor plasm. The emitter is

held slightly negative with respect to the plasma and the resulting

positive ion current from the plasma to the test surface neutralies

the emission-retarding effects of the electron space charge at the

emitter. The technique has a principal advantage over the diode device,

in which an electric field is maintained between the emitter and collec-

tor surfaces in order to draw saturation currents. In the presence of

Cs vapor there is a strong tendency for a discharge to set in under

those conditions and distort the measurements.

A typical experimental cell is shown in Figure 2-1. The sidearm

contained an ampoule of liquid Cs, which vas broken open by a magnetic

hammer after the tube had been processed and sealed off. During a test

run, the whole cell was placed in an air oven, thermostatically controlled

to within +10 C. The Cs vapor pressure in the cell was then a variable

dependent on the temperature of the liquid reservoir. A discharge,

created in the vapor between a tungsten helix cathode and a disc anode,vas

maintained with the anode 40 V to 50 V above the grounded cathode.
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Up to sox test emitter. projected Into the resulting plamme, at positions

along the tube axis. Preparation of the tube involved evacuation and

low temperature beke-out at 32C for 21 hours. All emitting surfaces

were outgassed at temperatures in excess of those reached in the

experiments. This was followed by baking at II25iC for 1 hour before

sealing off. The pressure of residual gans at room temperature was

less than 2 x 10-8 torr before the Cs ampoule was broken.

Figure 2-2 shows the configuration of the measuring circuit.

Emission currents from the test surface were observed with an oscillo-

scope connected across a standard resistor in the emitter circuit. The

test filament was heated with half-wave rectified alternating current

and a mercury sw•tch ws used to short-circuit the input synchronously

with the power half-cycle. In this way, emission currents were observed

only on the "off" half-cycle, without the superimposition of the voltage

generated across the filament by the heating current wave. The potentio-

meter provided a means of adjusting the potential of the test emitter with

respect to the plasm and a variable resistor in the anode circuit was

found sometimes useful to stabilize plasm conditions when emission from

a test filamnt became an appreciable fraction of the discharge current.

The temperature of each test emitter was Inferred from the

heating current at all times, vhich necessitated an initial calibration.

Filament temperatures were observed with an optical micropyromter above

1000K. A curve me constructed givim•g the corrected ebserved temperature

as the ordinate against heating current as the abscissa. The curve was
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extrapolated to lower temperatures using resistance measurements. This

calibration was carried out with the tube at room temperature when the

Cs vapor pressure is of the order 10-6 torr, to eliminate possible

inaccuracies in temperature measurement due to adsorption of radiation

by Cs vapor at higher pressures or the loss of transmittance through the

glass envelope due to Cs attack. Each filament was aged before temperature

measurements were made, the aging process being monitored by heating

current/voltage readings at a suitable temperature. Resistance/heating

current calibrations were made at room temperature and at each subsequent

oven temperature and were correlated with the micropyrometer readings to

yield the emitter temperature under all experinental conditions. The

method proved satisfactory in circumstances when no electron cooling

occurred locally in the exposed loop. Emission densities generally

greater than 10"1 A/cm2 produced this effect to a degree which destroyed

the normal temperature distribution in the filament and therefore rendered

the temperature calibration unreliable.

Some detail variations in the system were used during the course

of the experimental program. The foregoing descriptions refer to more

recent modifications which were suggested by experience with the first

cells during the development stage of the technique.

Five discharge tubes have been used in an experimental period

of 12 months. Approximately half this time was employed in development

of the system to a level at which meaningful emission data could be

measured. The first cell yielded data which deviated markedly from

S-curves for a W specimen extrapolated from the work of Taylor and

References to tubes numbered 1 through 5 apply to the experimental
cells in the order of building.
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TMnMMuin(3) The chief cause of the distortion was found in the design

of the test emitter mounting. The test filament was spot velded to

heavier kovar leads only a short distance (about 1 mm to 2 mm) from

the end of the ceramic sleeve, where the filament was exposed to the

plasma. This arrangement satisfactorily prevented sging of the

filament inside the sleeve, a desirable feature to inhibit contamination

of the filament by materials in the ceramic. It had been found previously,

in addition, that if contact with the ceramic was allowed a cold spot

would develop inside the sleeve which would seriously affect the

temperature distribution over the whole exposed area of the loop. On

close inspection with a micropyrometer the kovar leads were observed to

cool the ends of the loop and establish an appreciable temperature

gradient (5°C/-m to 6°c/mu) from the midpoint to the exposed ends of

the loop. A new test emitter was designed as a compromise between the

need for support as high in the sleeve as possible and the requirement

of no temperature variation across the exposed portion of the filament.

The resulting arrangement was as shown in Figure 2-3 with the supporting

lead protruding about 7 me into the ceramic. The temperature

difference between the ends and midpoint of the loop were then within

4°C to 50 C, the limits of resolution of the micropyrometer.

The very desirable feature of providing guard rings at each

test emitter position was not available until the third tube was built.

In both the preceding cells failures in the metal-to-glas seals, before

emission data could be collected, was in excess of half the total number
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produced. As the probability of failure would increase with each

additional seal, the number of leads in each tube ms kept to a minimum.

The cause of failure proved to be nainly temperature cycling fatigue

in the rigid kovar-to-glass seals. The leads were chromium plated to

prevent attack by Cs, but the seal ws also susceptible to mechanical

damage when leads to the measuring circuit were being clamped on. T'he

third and fourth tube were fitted with kovar leads, to which flexible

stranded copper tails were brazed and this arrangement greatly reduced

the amount of mechanical strain imparted to the seal. The reliability

of chromium plated tungsten leads was investigated and found to be very

good. These leads brazed to flexible tails, similarly as with the

kovar, were used to replace some kovar presses in tube No. 3 which failed

and were incorporated exclusively in the fifth and later in the fourth

tube. In its final condition tube No. 3 was in service for more than

600 hours at elevated temperatures without a single failure. As

was mentioned before, in order to maintain the uniformity of

temperature over the exposed portion of the test emitter the filament

was required to protrude into the insulators for the greater pert of

their length. The bore of the insulator we reduced in the second and

subsequent tubes to minimize the magnitude of error introduced In the

regions where the filament entered the sleeves. This combination,

unfortunately, caused the temperature of the unexposed filament to

exceed the temperature of the exposed surface, at the upper end of the

temperature range. Consequently, a number of specimens failed during
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outassing at temperatures which, when observed at the exposed surface,

were considered safe. This problem was solved by testing two or three

duplicate presses with specimens mounted in a fashion identical to that

in the discharge tube. The first specimen was raised in temperature until

it failed and the second filament was then life-tested at some lower

temperature. Should this temperature still have provided too short a

life a third specimen was on hand to allow repetition of the process.

Usually Just two specimens were sufficient for the determination of a

suitable high temperature limit.

Thermionic Emission Data Yielded by the Investigation

The first tube produced no meaningful emission data but was,

however, useful in providing a source of experience in cell design

and familiarity with the technique. Cell No. 2 althoug plagued by

press failures yielded an S-curve for W and part of the curve for

Ta at Tcs - 37*'K (Fig. 2-4). The W data deviated considerably from

the curve extrapolated from the work of Taylor and Langsuir.()

This may be explained by a combination of ealssion-enhaneing field

effects and spurious emission currents, which are discussed below

with respect to experiments with rhenlua In cell No. 3. The high

temperature portion of the Ta curve also appeared displaced to the

right of the accepted bare work function line. The maximum of the

curve is probably significant in connection with the emission proper-

ties of adsorbed oxygen films on refractory metal surfaces (dealt

with In the next section of this chapter).
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Eission cbarecteristles of Be were Investigated with

particular attention being paid to the behavior In the region of

8-curve emission, where the cesium coverage Is swe small fraction

of a mono-layer. Data for the Re filament are presented in Fig. 2-5

for Tcs - 39K. In regions of high Cs coverage (values of 0-r 3.2

eV) the S-curve is of the expected shape. An attempt we made to

extrapolate to the true field-free situation by plotting several

values of emission current for each emitter temperature against the

net positive Ion current arrivlng at the test surface. The resulting

curves were extrapolated to values corresponding to zero net Ion

current. The 5-curve of Fig. 2-5 is plotted vith points arrived at

in this way, In the region free from the anomalous behavior discussed

below. This procedure shoved that the measured emission currents were

slightly sensitive to variations in emitter potential and hence changes

in Ion current from the plassm to the test surac.

In the domin of low coverage (0 - 3.2 eV) anomalously high

emission was observed which indicated a 0 of 4.3 eV for bare Re

instead of the accepted 4.8 eV value. This apparent depression of

the bare work function was recorded for both W and Ti specimens used

in tube No. 2 (Fig. 2-4). This region of the characteristics was

investigpted in more detail and the Irregularity wse found, in the

min, caused by field enhanced emission in which the test material

Some distortion of the S-curve we traced to spurious emission from
an uninsulated tantalum clasp which uas heated by conduction through
the ceramic sleeves. Points on the curve between the lines A - 4.2 eV
and 0 - 3.8 eV probably include this error and are therefore less
reliable than points to the left of the line A - 4.2 eV. Thts
Influence we probably also responsible for distortion of the W
curve in Fig. 2-4 in the region of the minimau.
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ws capable of emitting in two principal modes. A discontinuity

between the modes ws recorded as a sequence of oscilloscope traces

shown in Fig. 2-6, when the potential of the emitter was made

Increasing nelptive with respect to the plasm in order to draw an

Increasing positive Ion current to the test surface. The potential

setting corresponding to the second wave trae allowed a simultaneous

view of both modes, possibly because of a periodic am.ll order fluctua-

tion in temperature or plasm conditions. The mode of higher current

density was found to be the more stable of the two. Fig. 2-6 is

unique because the lower mode of emission could be achieved in a

repeatable fashion. Generally the double mode behavior ms seen

on the oscilloscope as a series of randco high frequency "flips"

between the two modes with emission finealy remeining In the

higher mode after about 5 seconds. The megnitude of the lover mode

was smmueable from the persistent Iagse, during the "flip-flow"

beh•vior. T dependence of emission current in both modes is

plotted for oa emitter condition In Fig. 2-7 against net positive

Ion current arriving at the test surface. Extrapolations of the

curves becoom coincident in a single mode value which would fit an

S-curve convergent on the 0 - 4.8 eV line.

Complete characteristics* plotted from the extrapolated

values could not be mode with this tube because the spurious emission

Plotted points of Fig. 2-5 In the domain of low coverage, correspond

to date taken with Ion currents of the seem order as those necessary
for saturation emission currents to be measured at higher coverages.
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currents observed masked the response of the specimen in some region

of the 8-curve minimum. Nowever, there was strong evidence to support

qualitatively the suggestions of Zoluwge(h) for an explanation of the

anomlous behavior. The double-mode effect was found to diminish

with Cu pressure. Part of the Re characteristic at TC - M•5K

corresponding to a vapor pressure of 10 torr was measured where the

double mode effect appeared negligibly smell. These data when plotted

showed a curve properly located at the expected 0 - 4.8 ev line,

which suggested that surface contamination could not be responsible

for the behavior at higher pressures. This conclusion was supported

by a spark source mass spectrographic analysis of a similar specimen.

The test established a negligible surface contamination (about 5

parts in 106) by materials which could lover the work function.

Evidence suggested that the double mode effect could be

distinguished from the onset of an arc discharge In the vicinity of

the test emitter. At no time during the measurements did a discharge

become visible near the emitter or Insulators. However It should be

stated that the light from the emitter made this observation very

difficult. The double mode behavior could not be initiated by any

change of emitter potential or plasme condition in regions of higher

coverage and similar or larger emission densities.

A fine structure multi-mode characteristic was observed

randomly superimposed on the two principal modes of emission which
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my have been due to differences in response of locally predominant

surface orientations in the polycrystalline material.

The 5-curves of Pisp. 2-8, 2-9, and 2-10 describe the

emission characteristics of four materials It, Re, Mo and Ta, used

in cells No. 4 and No. 5. In these tubes the spurious emission from

clam- s as eliminated and the emitter potential adjustment was made

more sensitive to allow a nearer approach to optimum space-charge

neutralization at emission minim. Curves for Ir and Re were con-

structed from measurements vith two filaments of different lengths.

The longer filament of each material yielded points on the curve

which were within the scatter probably caused by temperature

fluctuations and small order effects in the plasm. Although it

uas not conclusive, It indicated that no serious end error vas

introduced at the openings of the sleeves. Similar results were

suggested earlier with W emitters In cell No. 2. A better arrange-

ment would have been to use loops, the lengths of which differed by

a larger ratio than was possible in this experiment. The choice

of filament lengths was limited by problems involving the minimum

lengths necessary to allow norml construction of the emitter mounting

and the malinmu length permissible before saggng of the filament

occurred, under the weight of the exposed portion. S-curve data

for Ir vas restricted to temperatures below 20000K to prevent undue

evaporation of the specimens. Jte das•hd lines In the figures describe
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portions of the characteristics in which data was collected, but

was not as reliable as points on the full-line curves. To overcome

electron cooling, when the emitted current density exceeded 101 A/eM 2

measurements were made by depressing a switch in the emitter circuit

and reading the emission current in the fraction of a second before

cooling was observed. It is still unclear whether this method

measures a transient condition which Is not truly representative of

emission under conditions of complete space charge neutralization.

At the low end of the temperature range the curves fall

away from the minimma work function line (0 ý1.7 eV) with decreasing

Cs pressure.. This may be neglected as an intrinsic property of the

materials but probably arises from a systematic error in the tempera-

ture extrapolations below the visible range of the micropyrometer,

which is gradually eliminated at higher pressures, as the S-curve

maximum occurs progressively at higher temperatures.

For both Ir and Re specimens data were collected at

Tcs - 3WK. Curves corresponding to this temperature were not

found to be consistent with curves at higher oven temperatures

and have therefore been omitted from this report. The possibility

exists that condensation of the wapor at a colder part of the cell,

resulted in a lover T., than was measured by the sidearm thermo-

couple.
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Some Other Experiment.

Other materials have been investigated chiefly in the form

of coatings on a filamentary substrate of carburized tantalum. Finely

powdered lantmnum hexaboride vas painted onto one fiament in the

first experimental cell but no significant measurements vere made

vith the specimen. The painted costing vas In itself very unsatis-

factory, the method allowing no precise control of the thickness of

the deposit. Temperature fluctuations am much as 100°C were observed

in adjacent regions along the loop because of the uneveness of the

costing. Some work was undertaken to improve preparation of these

surfaces. The more direct way to produce TaC was found by heating

a Ta wire In a hydrocarbon atmosphere. The conversion process was

controlled by monitoring the resistance of the flament. A small

amount of data was given for TlC in both tubes 2 and 3 but the

investigation was not taken further after emission characteristics

were later found to be non-reproducible. It was assumed that a

deterioration In the structure of the carbide had taken place,

since the reaction

2 T&CqAs&lC + C

can proceed under conditions similar to those of the experiment, at

an appreciable rateM for temperatures In excess of 2500K. The
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temperature of the specimens was kept Just belov a limit of 1750°K

vhich my still have been high enough to destroy the specimen surfaces

in an experimental period lasting over 20 hours. Carbided surfaces

may be used again In the future vhen the conditions of their chemical

stability have been determined more precisely.

A NbC surface va prepared by electr oretic deposition of

particles on a TaC filament. A suspension containing particles screened

to 44 microns diameter vas Ineffective, however, a uniform deposit of

1.7 ill average thickness vas achieved from a suspension of particles

of about 2 microns diameter. The adhesion of the coating vas found

to be good and it took on a sintered appearance after outwssing.

Reproducible data were not obtained for this specimen because of

Instability in the substrate.

At the time of vriting a small amount of work has been

completed to study the effects of adsorbed layers on the emitting

pover of materials. Langmuir and ViUars(6)- found that an adsorbed

monolayer of cygen increased the tendency for "sticking" of cesium

on tungsten. More recently Aamodt, Brown and Nichols(7) bave demon-

strated a similar effect with fluorine. Ezperiments in the current

progsa have so far involved the W-0-Cs system used by inan•ur.

A cell has been built substantially similar to the previous cells

differing only by the provision for one test emitter position sad

a second sidearm containing an cxygen ampoule. Two attempts hae
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been made to achieve a monolayer of oxygen on the W filament and while

there is evidence to suggest the treatment took place, efforts to

"activate" the layer at an oven temperature of 3730K have destroyed

both specimen surfaces. The total removal of oxygen from the surface

was suggested by the curve in Fig. 2-4 which shows emission generally

characteristic of bare W. The cell was reusable, it being necessary

only to seal new ampoules in the sidearms. There is every reason to

expect ultimate success with the plasma-anode technique used in this

type of investigation. The S-curve maximum for Ta in Fig. 2-4 suggests

a surface other than the pure metal since it involves emission densities

nearly 102 greater than measurements with the same material in cell

No. 5. The minimum work function is shown to be considerably lower

than all other pure metal-Cs systems investigated. It is therefore

highly probable that oxygen was responsible for the enhanced effect,

because a noticeable seal failure occurred shortly after these measure-

ments were taken, which ended the useful life of the cell.
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Fig. 2-2 - masuring Circuit



2.18

..- Filament (5 mil wire
25 mm exposed length)

Alumina Sleeve

Sleeve Clamp

r RNickel Bridge to Filament Inside
Guard Ring Connection - • Sleeve

Chromium Plated Tungsten

Flare to Fit Envelope Port
(25 mm tubing)

Flexible Copper Lead

I 1cm

Fig. 2-3 - mtilng Detail of test emitter
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1. Low Current Emission Mode. Emission Density 1.06 x 10"1 A/c a2
Positive Ion Current Density 1.25 x io0- A/cm2

2. Simultaneous Appearance of Both Modes 2
Low Mode Emission Density 1.iU x 01 0 A/cm
High Mode Emission Density 2.06 x 10-1 A/cm2
Positive Ion Current Density 1.38 x 0o-3 A/cm2

3. High Current Emission Mode. Emission Density 2.88 x 10-1 A/cmr2

Positive Ion Current Density 1.50 x 10- A/cm2

Fig. 2-6 - Thermionic emission switched from low current to
high current mode with rhenium at 17500K and
TCs a 14620 K (PC. - 5 x 10-2 torr).



L High Current Emission Mode

,--oint Corresponds to
LEmission Density of 1. 1 x 10-2 A/cm2

0

0 .1 .2 .3 .4 .5 .6 .
Positive Ion Current I mA)

Fig.2-?W.xrapoletion of double-mode behavior to zero positive Ion current
arrival at test emitter for rhenium at 21600K and TCs - 3980K
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Fig. 2-8 -S-Curve characteristics for TC 7=
(Ps 5 x 10O4 torr).
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Fig. 2-10 - S-Curve charaoteristics ror Ta3 - 20
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CHAP TREE

EVAPORATION OF MOLYBDENUM IN THE
PRESENCE OF CESIUM VAPOR

The use of refractory metals as cathodes for thermionic energy
converters is well established.(1) In this use the metals are opera-

ting at temperatures high enough that the vapor pressure and the con-

comitant evaporative loss are a serious problem. A straightforward

calculation of evaporative loss in a thermionic converter cannot be

made in most cases because of the presence of cesium vapor.

A number of metals and alloys have been proposed for possible

use in a thermionic converter. In order of increasing vapor pressure,

the most important metals are W, Re, Ta, Nb, and Mo. The data of

Edwards, Johnston, and Blackburn(2) for the evaporation of Mo are shown

in Figure 3-1. An additional measurement(3) was made to confirm the

extrapolation to lower temperatures of their data.

From the classical kinetic theory of gases (4) the relation-

ship of evaporative loss RV to vapor pressure can be expressed in

several equivalent ways:

1 7-'I p V = P (1)

where p = and V - are the density of the saturated vapor and

the average velocity of the evaporating atoms (of mass a and temperature

T). K is Boltzmann's constant and P V is the vapor pressure. This equa-

tion holdo true only for the case where evaporation takes place into an

infinite empty space.
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When evaporative loss occur.s into a surrounding pressure or

into a finite container, the relationship of vapor pressure and evapor-

ation rate cannot be so easily calculated. Fonda(5,6)treated the case

of tungsten evaporating into various inert atmospheres and concluded

that the effect is to reduce evaporative loss by introducing a diffu-

sion barrier. For the case of evaporation from a cylindrical wire,

the rate of loss R could be expressed as

rp log (l + -2r)

where C is a constant, A p is the difference in concentration between

the evaporating surface and the outer surface of the diffusion barrier,

r is the diameter of the wire, p is the pressure of the inert gas and

d is the thickness of the barrier. For the plane parallel geometry

used for our measurements this becomes

R C&(3)pd

This equation can also be derived from classical kinetic

theory(3). In a very general form it can be expressed as

' l Pl pl

where D is the diffusion constant, and the subscript 1 refers to

quantities evaluated for the evaporating substance at the evaporating
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temperature. The quantity a p/p1 is equal to 1 if the saturated vapor

is present at the evaporating surface and the pressure of the evapora-

ting material is zero at the outside surface of the diffusion barrier.

Utilizing almost ary model of gas-metal atom interaction results in the

quantity Dp as constant with change in pressure. Thus, the transport

ratio, defined as RV/R, is directly proportional to pd.

Ty a (5)

where a is a constant, the reduction coefficient.

This equation will yield absurd answers for sufficiently

small values of pd. This difficulty is avoided by considering the trans-

ition from the classical dilute gas treated here to the Knudsen gas,

wherein the mean free path is larger than the dimensions of the appara-

tus.

If this correction is made, equation 5 becomes

y- 0+apde%.&l+apd (6)

where P is a slowly varying parameter whose value is near unity. Both

equations 5 and 6 will fit the data presented in this report.

Another effect also changes the evaporative loss from a metal

surface. A small amount of surface contamination can be shown to

increase or decrease the evaporation rate significantly.(7) In a

thermionic converter the evaporating surface is deliberately contain-
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inated with a partial layer of adsorbed cesium, usually for work func-

tion modification and/or space charge neutralization. There are several

effects which could result in changes in evaporation rate. Fortunately,

all of them (in the first approximation) lead to the same form of

equation. If 9 is the fractional coverage and b is a slowly varying

parameter, then

R - (1 + b8) RV (7)

The simplest assumption is that the metal cannot evaporate

through the cesium layer. In this case b = -1. A second possibility

is that the metal and the cesium react to form a pseudo-compound which

then evaporates. bO would then be the first term in the series expan-

-AF(O)
sion of e KT where A F(e) is the change in free energy of vapor-

ization. The same argument would hold if assumptions as to changes in

bonding energ because of coverage are made. In this report we have

assumed b- -1, and have worked only at one value of 0. Further work is

necessary to clarify this problem.

The basic equation assumed to hold in this investigation was

RRV d1 (8)1 V+ apd

Only one experimentally determined constant is present in this equa-

tion.

In order to determine the magnitude of the effect of cesium

on evaporation rate, a series of experiments were performed utilizing

the apparatus shown schematically in Figure 3-2.
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A molybdenum ribbon filament, 0.2 cm wide and 0.025 cm thick,

was heated by passing a current through it. Four ni.ckel collectors

(of 0.2 cm2 area) were spaced at different distances from this evapora-

tive source. After holding the filament at temperature while a cesium

atmosphere was present, the amount of molybdenum deposited on the

nickel collectors was determined by a spectrographic technique. The

total analysis had a sensitivity of about 1 microgram of molybdenum

and a precision of about 15 percent.

The pressure of cesium was maintained at the desired level

by placing the entire apparatus within a constant temperature oven.

The pressure was calculated from this temperature using Nottingham's

equation. (8)

The temperature of the filament was measured at a number of

positions by means of an optical pyrometer which had been calibrated

against a standard lamp. Corrections were made for the emissivity of

molybdenum and for the measured transmittance of the Pyrex envelope.

No corrections were made for either the possible absorption of light

by cesium vapor (1 inch path) or the possible changes in emissivity

due to the fractional cesium coverage.

Spacings were measured with a cathetometer after operating

temperature was reached. While the accuracy of measurement was about

1 micron, the spacings did not remain constant during experimental runs.

The spacings reported are time averaged, and variations of as much as

25 percent were not unusual.
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End effects caused by the finite size of the filaments and

collectors were estimated by considering the solid angle covered by

the evaporating filament. This is only a first approximtion to the

true case, because of the fact that the mean free path wva smaller

than the spacing. The correcting relationship used was

Rc - Re xL/(2L tan '(L/d) -d log 1 + (.)]) (9)Rcorr m~easd

where L was the width of the evaporating filament.

The results obtained using the apparatus of Figure 3-2 are

sunmmrized in Tble I. It is clear that a large reduction in evapora-

tive transfer has taken place. The deposition of molybdenum on the

nickel collectors was quite uniform, with no whiskers or similar

phenomena detected. In Figure 3-3, the transport ratio RV/R has been

plotted as a function of the product of cesium pressure and spacing.

The resulting straight-line relationship is in accordance with theore-

tical prediction. The average value of the reduction coefficient is

0.074 (mm of Hg - microns)-' or 0.56 cm/dyne. If the effect of the

15 percent coverage is considered as blockage then the reduction coeffi-

cient becomes 0.44 cm/dyne. This corresponds to a collision diameter

of 12.7 A0 . (Strictly speaking, "a" should have been calculated for

each test separately because of the difference in evaporating tempera-

ture. The variation expected from the temperature difference is only

about 5 percent, however.)
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Considering the relative crudity of the experimental techni-

ques, the agreements betwen different tests vas considered quite good.

A value of the reduction coefficient vas predicted using the Lennard-

Jones (6-12) model and the value of ki.o A0 for the collision diameter.

The experimental values vere about 10 times this value. The possibility

of systemtic errors mas then explored in some detail. A small amount

of oxygen contamination would increase the cesium coverage to values

perhaps as high as 0.5, vhich vould cause an apparent increase in the

reduction coefficient of about 10%. The absorbtion of light in the one

inch cesium path could increase the true temperature, but this would

lead to an underestimate of the reduction coefficient. Convective mass

transfer caused by the vertical placement of the evaporating filament

could not lead to a large enough loss of molybdenum, particularly

since all loss would be equaled by gain from adjacent filament areas.

An error in temperature measurement caused by emissivity variations on

a cesium coated surface could change the vacuum evaporation rate, but

this would also be apparent in the plot of transport ratio versus

pressure-spacing (Figure 3-3).

The value of atomic diameter of cesium deduced by Gottlieb

and Zollweg(9) from thermal conductivity measurements was about 9.2 A°,

in reasonable agreement with the 12.7 A° deduced in this work. The

techniques used were very similar in both cases.

The values of transport ratio and reduction coefficient for

a typical thermionic converter are given in Table II for 3 different
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waues of distance of closest approach, using the Lennard-Jones model.

Clearly, the amount of material lost from an evaporating surface will

be less than that expected from measurements made in vacuum. For the

typical conditions of Table II, this reduction will amount to between

60 and 93 percent.
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CKAPlU FOEM

REFLECTION OF ELECTONS FRMI CESIT C008D SUFWALS

The collection of electrons of very low energy is important

to the efficient conversion of heat to electrical energy in such

devices as the thermionic energy converter and the magnetohydrodynamic

generator. Thermionic converter diodes usually use cesium vapor to

adjust the emitter and collector work functions and to furnish the

positive ions to reduce space charge. M generators sometimes use

gases "seeded" with alkali metals such as cesium to increase the

electrical conductivity at lower gas temperatures.

In order to adequately understand the operation of these

devices it is necessary to know quantitatively what fraction of the

electrons incident on a cesium coated surface are accepted and what

fraction reflected, especially in the thermal energy range, below about

0.2 eV where little experimental data is available for surfaces of any

kind.

The current interest in energy conversion has also led to

increased interest in the physical properties of cesium vapor. Since

experimental tubes designed to measure these properties often collect

electrons on cesium coated surfaces and the reflection of electrons

may be of the order of 50%, it is useful to have more quantitative data

to aid in interpretation of the experimental results.

Theoretical treatments1 have concluded a low reflection coef-

ficient tending to zero at low primary energies for certain clean metal
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surfaces. WiLle Fowler and Farnsorth2 have found evidence to supxot

these conclusions for clean metals, they and others3 have found reflection

coefficients as high as ý0 and 60% for gSs covered surfaces. The residual

gases ordinarily encountered in sacuum tubes either increase the work

function or do not change it greatly, in contrast to Cs Uhich reduces

the work function appreciably. Since a monolayer of cesium usually

reduces the work function of a metal by about 3 eV, this change in the

potential energy of the electron near the surface mey have a large effect

on electron reflection. With polycrystalline surfaces strong patch fields

my also be present giving rise to significant electron reflection. The

experimental work described below was designed to obtain more quantitative

information in these areas with special emphasis on very low primary

electron energies.

Experimental Technique

The experimental tube utilized "monoenergetic" electrons obtained

by the ac retarding potential difference technique4 with an orthicon-type

deflection system.5 Figure 4-1 shows schemtically the experimental tube,

an Improvement version of that of ref. 1. Electrons emitted by the fila-

ment at the left are accelerated by the next electrode. Those emerging

through the circular aperture are retarded by the two dc retarding

electrodes and by the center electrode which has a 0.05 v ac retarding

potential superimposed upon the dc. This ac potential alternately trans-

mits or reflects electrons in a narrow energy range of the electron

distribution while allowing more energetic electrons to be transmitted.
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The final electrode accelerates the electrons to the desired primary

energy. The electron beam striking the target thus consists of a dc

plus an so component but only the ac component is detected.

An axial manetic field of 120 gauss collimates the electron

beam. Between the target and the collector for reflected electrons,

two grids have been provided so that a smll transverse dc electric

field can be established such that the reflected electrons wil be

displaced perpendicular to both the electric and magnetic fields and

thus be prevented from escaping back to the electron gun. The grids

are shaped to minimize the introduction of transverse electron energy.6

The ac currents to the target (surface being studied) and to the two

collectors for reflected electrons are measured by means of the ac

voltage developed across the 1 megobm load resistors, amplified by the

Textronic Type 122 preamplifier and White 216k amplifier, (both equipped

with 37 cycle tvin-T feedback networks), synchronously detected and

measured with a dc millivoltmeter. The switch enables the same ampli-

fying system in turn to measure the currents to the various electrodes.

A conductive coating on the Pyrex envelope outside the grids collects

stray electrons and prevents charging of the glass. All of the elec-

trodes and grids are made of the alloy Advance to reduce the possibility

of contact potential differences. Such difficulties persist, however,

in the presence of cesium vapor when the parts are at different temper-

atures. Provision is made to adjust the potentials of the electrodes

to compensate for such potential differences.



Viegw 4-2 sho a photograph of the experimental tube before

being mounted in the Pyrex envelope and evacuated. he electron gun Is

covered by the grounded shield at the left but the grids and target at

the right are visible. in this tube several polycrystalline metals,

(copper, molybdenum, stainless steel, monel, inconel, silver plate,

tungsten, platinum, tantalum, and Advance) have been provided with an

arrangement such that each can be mmnipulated in turn to the target

position. There vas no provision for heating the targets Internally to

provide thorough outgassing or to change the Cs coverage. The aim vas

to make a survey of several polycrystalline materials with approximtely

one monolayer coverage of cesiiu under the degree of cleanliness expected

for a thermionic converter or an experimental tube without special efforts

to clean the surface. It was found that the leakage resistance between

metal leads in the glass press remained greater than 10 ohms for the low

Cs pressures used so that 106 ohm load resistors could be used. Beam

currents of about 10-9 amps were used.

The purpose of the second collector was to collect those

electrons reflected at the target which were reflected for a second

time at the main collector. Collector sizes were such that electrons

reflected as mny as 5 to 6 times were still incident on one of the

collectors. To reduce electron reflection the two collectors had their

surfaces coated with electrolytically deposited platinum black. Because

these surfaces proved to have a very low reflection coefficient it was

also possible to measure the longitudinal component of the energy of

the reflected electrons.
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The distribution of current between the target and collector

electrodes as a function of the voltage between the two grids In shown

in Figure 4-3 for a primary electron energy of 1 OV. For grid voltage

between 10 and 28 volts the fractions of the total current collected at

the three electrodes is independent of grid voltage. At higher grid

voltage part, and finally all, of the incident beam misses the target

and strikes the second collector. The -11 current to the second

collector in the plateau region and the current to collector1 at high

grid voltage indicate that about 8% of the electrons striking the

platinum black surfaces are reflected. The rise in target current near

zero grid voltage occurs because some reflected electrons having lost

part of their longitudinal component of energy in the reflection process

are repelled by the retarding potential electrodes in the electron gun

and hence return to the target a second time. The retarding potential

measurements reported below show that the reflected electrons have a

longitudinal energy distribution from zero to the primary electron

energy. The knee of the target current curve comes at a lower grid

voltage than that for the collector currents because with -ller

deflection the reflected electrons strike the final accelerating

electrode rather than collector1 . These results illustrate the

significant error that results from using the magnetic collimation

technique without the electron deflection region for electron reflec-

tion measurements. 7 In this example, with this geometry by using the

target current with zero grid voltage oDe would calculate a reflec-

tion coefficient of about 14% in contrast with the correctly measured

value of 41%.
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Cams similar to that of Figure -3 vewre also obtained for

primry energies of 0.1 eV and 5 OV vith the average potential between

p1.8e about 40.5 V. It vas found convenient to vary the primry electron

energy by heangn the accelerating potential Z4. To cover the entire

energy range three values of grid voltage vere used. Taking the data in

this way mans that the prImrzy beem movea somvhat over the targt

surface and the results are thus an average for the surface. The results

with different grid voltages Joined snothly except in a fev cases where

jumps of 1 to 2% in the reflection coefficient resulted.

The energy spread of the ac component of the electron been

leaving the gun could not be usefully investigated by retarding at the

main collector for reflected electrons. This vas because field pene-

tration made the potential in the aperture differ from that of the

collector surface, depending upon potential difference between the

collector and the nearby accelerating electrode.8 Indeed, a meller

indicated energy spread of the primary bern 'as obtained from measure-

meits of target current vs. target potential than from target current

vs. collector potential. Primary energ vas varied by changing the

accelerating potential 14 keeping the target about 1 volt negative and

the collectors about 1 volt positive with respect to the final accelera-

ting electrode. Thus Information obtained about the spread of electron

energy of the incident bern is coupled with the experimental results

and discussion of it is deferred to the next section.
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Expermental Results

Figure 4-4 shows on a greatly expanded scale the measured

target current and reflection coefficient near zero primary energy for

the Advance - Cs target with a work function of about 3.14 eV. The

reflection coefflkcient is defined as the current to the two collectors

divided by the sum of the target current plus collector currents. The

rapid decrease in target current and increase in reflection coefficient

at the left occurs when most of the incident electrons are reflected

in front of the target because they have insufficient energy to reach

the target surface. The fact that the change occurs over a finite

energy range is because of the energy spread in the incident beeam.

The sharp break that occurs at +.02 volts suggests that the number

of slover electrons is negligible and that the reflection coefficient

measured there is close to the correct one. This cannot be definitely

established, however, because if, for example, 10% of the incident

electrons were of such low energy that they would all be reflected,

then a true reflection coefficient of zero at +0.2 volts would give

the measured results. The measurement of +0.02 volts really includes

electrons from +.02 to +.12 volts, but because the nusber decrease@

so rapidly with increasing energy and the reflection changes relatively

slowly the measurement is probably only slightly too high.

We shall nov consider the energy spread expected for the

experimental tube under Ideal conditions--assmin uniform work function

emitter, target and retarding potential electrodes and uniform potential

across the apertures in the retarding potential electrodes. *te &a
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retarding potential electrode then alternately passes or rejects electrons

with longitudinal energy in a narrow band because of the 0.05 V square

wave retarding signal. Then as the target potential is made more negative

and becoes retarding the ac target current will decrease exponentially,

assuming the electrons have a Boltzmnn energy distribution. This decrease

should correspond to an emitter temperature of about 15000 K but should be

limited to a 0.05 V range beyond which the decrease should be even faster.

Figure 14-5 shows the experimentally measured ac current to the

Advance-Cs target plotted on a semilog plot. The expected exponential

decrease is observed but the decrease is somewhat faster and occurs over

a longer range of voltage than expected, because of a departure from

ideal conditions. It was noted that the measured energy spread was less

when the initial accelerating voltage E2 was reduced from 6 volts to

about 1.5 volts. At the higher voltage the target current decreased

initially at about the same rate but currents about 10% of incident beam

persisted to larger retarding voltages.

The observed spread is made up of two components, the energy

spread of the initial beam and nonuniformity of the target work function.

Actual stopping of the primary electrons in front of the target could

lead to a inll space charge region which would change the observed

spread. It was experimentally verified that this was not the case by

measuring the target current vs. target potential for dc beam currents

of 2.5 x 10"l0 saps, 5 x 10.9 amps and thl normally used 1 x 109 amps.

The results were identical within experimental error. The results with

Advance-Cs (0. 3.14 eV) shoved the sharpest change with a few surfaces
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showing considerably greater spread. We assume that most of the spread

observed in Figures 3 and 4 is that of the primary beam but the greater

spread with other targets was introduced by patches of differing work

function on the target.

The target work function could be determined from the target

current plots in Figures 4-4 and 4-5. The intercept of the two straight

lines on the semLlog plot could usually be determined to a precision of

0.002 volts. This value combined with any target battery voltage ET and

the assumed work function of the tungsten emitter 4. 53 eV allowed a

measurement of the work function that is probably correct to within

0.2 eV absolutely with relative accuracy within 0.05 eV. The retarding

potential E3 was always adjusted for a maximum ac target current (± .02 V)

hence the minimum retarding potential at the target would correspond to

the potential Just outside the tungsten emitter. Even when cesium vapor

was present the emitter temperature -ws sufficiently high that its work

function would not be altered by Cs adsorption. The filament was

sufficiently distant from the cesium source that at the very slow dif-

fusion rates of cesium vapor at room temperature, the nearby cold

retarding potential electrodes did not become cesium coated for several

days. Emission data from the tungsten ribbon was obtained using a

magnetic field to define the surface area and measuring the current at

the target at various filament temperatures. From the slope of a

Richardson plot a work function of 4.16 eV with A - 2.25 was obtained.

Adjusting to A - 120 gives n -a4.0 eV. Using the known area and

assuming A a120 a work function of 4.65 eV was obtained at 150O°K.
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Although these data were not entirely satisfactory, they do bracket the

accepted value and give the limit to the absolute accuracy of the work

function determinations of the target surfaces.

Determination of an intercept on the semilog plot was almost

alvays very precise but this emphasizes the low work function areas on

the target in the event of nonuniformity. Another value could be obtained

by the intersection of two straight lines at the knee of the linear plot

of target current vs. voltage in Figure 4-3. This, of course, is more

sensitive to the high work function patches. For the present example

the difference in these values was only 0.006 eV while in other cases

it was as much as an order of magnitude greater. This difference is

taken to be saw measure of the patchiness of the target surface. In

view of the large changes in work function which occur because of cesium

adsorption, the relative freedom from patch effect is striking.

The determination of the target work function as discussed

above also determines the point of zero primary electron energy.

On logical grounds one might question this procedure since

the values obtained depend upon the acceptance or reflection of electrons

at the target--the precise properties that are being measured. If the

reflection coefficient of the target material were 100% for primary

electron energy below +X volts then the primary energy zero as deter-

mined here would really be +X volts instead of zero. This possibility,

however, seems to be very remote. Even if the incident electron energy

and momentum were such that 100% reflection should occur for certain

directions at certain crystal faces, the angular spread in momentum of
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the incident beam, the polycrystalline nature of the targets and the

probability of momentum changing collisions at the surface make it

unreasonable to expect reflection coefficients approaching 100% for

incident energies greater than zero. 100% reflection of electrons

incident upon the surface from the outside would also imply 100%

reflection of electrons incident from within, hence no thermionic or

photoelectric emission. Thus the zero of primary energy determined

here corresponds to the threshold for electron emission at least to

within about 0.1 eV.

The possibility of a dependence of the reflection coefficient

on magnetic field was considered. Spot checks near minimum reflection

were made for several of the targets with the magnetic field adjusted

to one half and twice its usual value of 120 gauss. The reflection

coefficients obtained were within 1%, approximately the experimental

error of the measurements. Since the diameters of the electron helical

paths depend upon magnetic field, results obtained with different field

strengths will differently average any patch structure on the surface.

Thus these results indicate that any prominent patch structure on the

surface i smaller than the diameter of the helical path of an electron

with transverse energ of about 0.1 eV and a magnetic field of 60 to

240 gauss.

The measured reflection coefficient for several target

materials with differing amounts of cesium coverage are shown in Figures

4-6 to -•-o. These include curves shoving the measured reflection

coefficient over the entire range covered, up to primary electron
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energies of 5 eV, as weln " plots of the target current and reflection

coefficient near zero primry energy on a greatly expanded scale. All

of these mterials had been mechanically polished and had been subjected

to bakeout temperatures up to 35 0°C while being evacuated but not to

further rigorous heating. Measurements were made on Avance and

molybdenm targets with 3 degrees of Cs coverage and with one or two

degrees of coverage for the other target surfaces. With increasing

cesium coverage (lover york function) there is observed a =aml increase

in reflection coefficient yet all the curves are qualitatively sa'lar

in shape. A suary of the experimental data is given in Table I. The

lov work functions given here were obtained from semilog plots of

target current vs. the voltage E4 as discussed above and A 0 gives the

difference betveen this value and that obtained on a linear plot. This

gives some measure of the variations in work function of the target

surfaces. For the molybdenum target the variation observed was

considerably greater than for most of the other targets and the knee

on the linear plot vas relatively poorly defined. The reflection

coefficient for electrons incident on chemically deposited platinum

black vas measured by applying sufficient grid voltage that the

primary beanm missed the target proper and struck the second collector.

7he reflection coefficient given here vas calculated as the ratio of

the current to the main collector to the sum of the currents to the

min and second collectors. If we had plotted the ratio of the main

collector current to the second collector current (appropriate for

identical surfaces with Identical incident energy and reflection
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coefficients) then the refection coefficient voula have been o.3% to 0.7%

higber. The reflection coefficient for platinum black vith less cesitu

coverage was spyroximtely the se as that given here. T*se results

for cesi•m coated surfaces sow considerably greater electron reflection

than the values quoted in the literature for clean metals. In the primary

energy range below 5 eV the reflection coefficient for clean metals usually

obtained Is below about 29%.

Retrding Potential Measurmnts

The sm electron reflection coefficient from the collector

surfaces coated vith platinum black made it possible to measure the

longitudinal component of energy of the reflected electrons by retarding

at the main collector surface. Because of field penetration of the

aperture the potential of the -In collector could be adjusted even to

the energy of the incident electrons without altering the beam current.

The longitudinal energy loss of the reflected electrons vhether zero or

100% could be determined to an accuracy of about 1$.

It vill be shown that the ratio of the current collected at

the min collector C1 to the sui of the currents to C1 and C2 for a

given retarding potential C gives very nearly the fractional part of

the reflected electrons vith longitudinal energy greater than ECI

Referring to the sketch we let
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C,~

T - Target

C1  Main Collector

C2 - Auxiliary Collector

R - Reflection Coefficient of Target for the Particular

Pri•ary Electron Energy

R' - Part of the Reflected Electrons with Sufficient

Longitudinal Energy to Reach the Surface C1

R" - Part of the Reflected Electrons with Insufficient Longi-

tudinal Energy to Reach the Surface C1

r . Reflection Coefficient for the Platinum Blacks Surface

of C1 and C2 WhIch by Experiment Ia Been Found to be

Relatively Independent of Primary Energy.

Then we have

R R' + R"

and of the electrons initially incident on C,, R' (l-r) are accepted

initially while R' r + R" are reflected. Taking into account additional

reflections at C2 and C1 the total current collected at C1 is
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IC, 0Re lr)( + r2 + r4 + .)

and

IC1 Be 1
IC II + R' (1-r) (i + r2 + r +

Since r has been found to be between .05 and .08 the last bracket in this

equation is between 1.0025 and 1.0064 while (l-r) my vary between 0.95

and 0.92. The results given below will show that the electrons striking

C1 and C2 have a wide range of energy hence the smeil observed variation

in r with energy is averaged over electron energy. The ratio

IC1

gives then the fraction of the reflected electrons with longitudinal energy

greater than the retarding potential C1 times (1-r).

Figures 4-41 to 14-4• show the relative current collected by C1

for various primary electron energies when the copper target has a small

fractional Cs coverage and a work function of 3.70 eV. Figures 4-144 to 4-46

show similar data for a greater Cs coverage and work function of 1.63 eV.

Note that for primary electron energy less than the work function the

curves show a nearly linear decrease with increase in retarding potential.

This shohs that the longitudinal energy of the reflected electrons is

equally likely to be any value between zero and the primary energy. In

this low energy region one expects the primary electrons to be mostly

elastically reflected as found by other investigtors,9 'I 0 (although not
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for Cs coated surfaces). If one akes the assmeption that all of the

primaries are elastically reflected then these results are consistent

vith a model in vhich the primary electrons are either completely

absorbed or reflected isotropically over the half plane. A cosine

angular distribution of the elastically reflected prlmries would

yield retarding potential curves quite different from the experental

results.

At primary energies greater than the work function, a departure

from the linear character is noted, especially for the lover work function

target. These curves shov a greater number of low longitudlinal energy

electrons vhich may be true secondaries and a relative decrease in part

of the more energetic ones. However, the departure from a linear

decrease is not great vhich suggests that elastic reflection is still

dominant.

These results obtained vith polycrystalline targets cannot

distinguish vhether the apparent isotropic distribution is obtained from

each crystallite or whether the isotropic nature is only the consequence

of averaging over several differently oriented crystallites in the

target surface. Work in progress using single crystal tungsten targets

should answer this question. Jonkerll vith 25 eV primry electrons

incident on polycrystalline nickel has found an angular distribution

for reflected primaries that approaches a cosine function for norml

incidence in contrast to the present results. Zftuhov, Sith and

yaggyý have obtained normal energy distributions for electrons

reflected from a molybdenum target which appear to have sa coslne
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cbaracter at low pimrlmy enera. Tby appear, boweve, to bave confuse

the norml ener 4distrlbution expected for a cosine distribution vith

tbst to be expected for an Isotropic distribution.
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CHAPTER FIVE

THERMIONIC DIODE CURRENTS IN TRANSVERSE MAGETC FIELDS
AND SCATTERING OF ELEC'ONS BY CESIUM ATOMS

The transport of electrons from cathode to anode of a thermionic

diode is impeded by the presence of a transverse magnetic field. If the

electron flow is in a vacuum the well-known magnetron effect takes place.

In a gas the electron diffusion and mobility are not reduced as greatly

by the transverse magnetic field because the scattering of electrons by

gas ato"s randomizes the direction of electron motion with each collision.

For thermionic power converter liodes it has been recognized

that the magnetic field induced by the diode current itself can be

sufficient to seriously reduce cell current thus producing a practical

upper limit to diode current-carrying capacity. Schock1 has made

extensive calculations on the effects of self-induced magnetic fields

for thermionic diode currents in a vacuum. Houston2 has made a few

measurements in cesium vapor. More extensive and precise data are needed

for converter design calculations. When this work was undertaken it also

appeared that it might be possible to obtain information about the

collision frequency and elastic scattering cross section of electrons in

neutral cesium since on the basis of relations derived by Langwuir 3 and

14Cobine , the measurement of cell current in a gas should give a measure

of the mobility. Our results, however, show that although the calculated

cross sections are of the right order of magnitude, difficulties most

likely associated with back diffusion of electrons to the emitter prevent

the precise determination of scattering cross sections. Nonetheless the
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data should be of considerable value in connection with converter design

since the combined effects of electron transport and back diffusion in

a transverse magnetic field in cesium vapor are not at present calculable

from first principles.

An empirical result useful for converter design is obtained as

follows:

10° - +.8 x l0-3 d1 .7 B2

I p1/2

where I0 is the current in the absence of the magnetic field, I with

magnetic field, d is emitter-collector spacing in inches, B is magnetic

field in gauss and p is Cs pressure in mn Rg.

Cell current measurements were made with cells of two different

structures as shown in Figure 5-1. Both cells utilized a 0.005 inch by

0.08O inch by 1 inch tungsten ribbon filament heated directly with

balfwave rectified A.C. power. The anode in one case consisted of plane

parallel copper plates with cathode-anode spacings of 0.020 inches. The

anode in the other case was a 0.500 inch diameter stainless steel cylinder

which thus had an average cathode-anode spacing of 0.225 inches, about

an order of magnitude larger than the first cell. The tubes were mounted

in an oven inside a solenoid magnet the field of which could be continually

varied up to about 350 gauss.

The circuit shown in Figure 5-2 was used for the measurements.

Cell currents were determined by the voltage drop across a known resistance

during the time that the filament voltage was sero, using a calibrated

oscilloscope. To reduce the scatter of the data associated with changes in

filament emission a switch was used that simultaneously closed the
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magnet current circuit and replaced the cell load resistance by an

alternative resistance box. Thus the load resistance when the

magnetic field was present could be increased to compensate for the

reduced cell current. In this way the cell voltage and internml fields

remained constant. A Clare Hg-vetted relay synchronously opened the

anode lead during the filament heating pulse. A battery was added to

the circuit to supply positive potentials to the anode. The required

cesium vapor pressure was established by imersing a side tube containing

the cesium ampule in a Sn-Pb eutectic bath which could be controlled to

within about 1°C. The rest of the envelope was heated to a higher

temperature to prevent Cs condensation. The communicating apertures

between the diode and the tube envelope were sufficient that estimates

of the thermal transpiration effect lead to the conclusion that appreciable

pressure differences do not exist between the cathode-anode region and

the cesium reservoir over most of the region of interest.

The results of the measurements were found to depend upon

filament temperature and cell potential as well as expected dependence

upon cesium pressure and magnetic field strength. With the larger

spacing cell the results with lower filament temperatures and higher

filament temperatures were not far different while intermediate tempera-

tures Give a greater reduction in cell current with magnetic field.

Since at the higher temperature used one would expect sufficient ions

to be formed by contact ionization at the cathode to neutralize the

electron space charge and since the space charge is not no severe a

problem at the lowest cathode temperatures where electron emission is

smaller, the higher current reductions from intermediate temperatures
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appear to be associated with additional space charge effects associated

with the reduced electron mobility in a magnetic field. In Figure 5-3

are plotted some of the results for the larger spacing cell. We have

plotted data only for the higher emitter temperature (20000 K) where the

effects of space charge should be negligible. It should be remembered,

however, that the magnetic field greatly decreases the electron mobility

without a comparable decrease in the cesium ion mobility. The ratio

of the current in the absence of the magnetic field to that with the

magnetic field has been plotted vs. the square of the magnetic field

strength for three cesium reservoir temperatures and two cell potentials.

Note that the current reductions are somewhat less for higher anode

potentials. Included is the curve for the cesium reservoir at room

temperature--where electron-cesium atom scattering is negligible.

Because of the contact potential difference, the curve obtained with a

battery potential of 1.56 volts probably corresponds to approximately

a zero field condition between the electrodes.

Figure 5-4 shows the results for the closer spacing cell. All

of the Io/I vs. B2 curves in Figure 4 are linear, except the one

corresponding to TCa - 2500 C with a filament temperature of 609°K and

+8.8 volts cell potential. Most of the results with this cell rere

independent of cell potential as shown in Figure 5-5 until potentials suf-

ficient to cause inelastic scattering and perhaps volume ionization are

reached. It is evident that there is considerable variation in the

slopes. The decrease in slope with increase in cesium pressure is less

than might be expected as discussed in the next section.



In the low magnetic field region where qualitative comparison

is possible the results are in reasonable agreement with those of

Houston2 .

The calculations of Schock1 for electron transport perpendicular

to the magnetic field in a vacuum grossly overestimate the effect of the

magnetic field when cesium vapor is present. One expects the electron

transport in this case to be dominated by the relations for the mobility

and diffusion in the magnetic field.
5

go D oD

(14,W 7 (l+ )

where o and D are the values in the absence of the magnetic field,

- B and T is the period between collisions. Equations (1) are

strictly valid only if the collision frequency is independent of

electron velocity but are also a good approximation in other cases for

sufficiently high magnetic fields.

In cases where there is no space charge and only elastic

collisions Languir3 found that
1 41 V/Vo

Isat x in tI + VI-7

where Isat is the saturation current, Ais the electron mfp, x is plate

separation, V is cell potential and V0 is the initial electron energy.

Since both the diffusion constant and mobility are proportional to the

nean free path one would expect in this case that

1 0 k-l+2r 
(2)

where Io, ;o are the values without and I, p in the presence of a
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transverse magnetic field. The question of space charge limited currents

in the presence of a scattering medium has been considered by Cobine4

and in greater detail by Shockley and Prim6 . Where initial velocities

can be neglected they obtain

8 X (3)

for the plane parallel case with electrode spacing x, a result analogous

to the Langmuir-Child's Law for the vacuwm diode. If Erquation (3) were to

apply then Equation (2) would also be valid. Equation (3) does assume that

the electron mobility is independent of energy, as has recently been pointed

out by Forman 7 vho derives another expression valid for rare gases under

certain conditions.

Our measurements shown in Figures 5-3 and 5-4 are approximately

consistent with a relation of the form Io - 1 + K B2 as expected fromI
Equation (2). But there is some scatter in the data and some departure

from linearity. Furthermore, the slope K of the curve Io vs B 2, which

,r2 1 Tr
should be proportional to 1' and hence to 2' is found not to

pressure

vary in the proper way with pressure. There is also a dependence on

electrode spacing. The most likely source of this discrepancy would

appear to be the back diffusion of electrons from the plasma to the

electrodes which might reasonably be expected to depend upon pressure,

magnetic field and spacing. While, in principle, measurements of this

sort might be used with an assumed mobility dependence to determine the

back diffusion contribution, it is felt that the results are not suffi-

ciently precise to merit this.
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For converter operation the results, of course, are directly

applicable. The results in Figures 5-3 and 5-. 4 should give reasonable

estiates within perhaps a factor of 2 of the magnitude of the effect.

For other spacings and pressures, estiates can be made by use of the

emprical result

1° l + 4.8x 10i3 d1 "7 B2

I p1/2

where d is the emitter-collector spacing in inches, B is in gauss and

p is the pressure in mm Hg. The reduction in cell current should be

diminished somewhat at higher ion concentrations because of the larger

scattering cross section of Cs+ compared to neutral Cs.

A summary of the available data on electron scattering by Cs

atoms is shown in Figure 5-6. The solid curve shows Brode's data. The

circles show the results as originally given by Boeckner and Mohler, 9

but in a later paper they indicated that their electron denpity

measurements were in error at the higher pressures and the squares show

these results corrected by Phelps10 using the results given by Mohler's

paper. Steinberg's 11 data was also used to calculate collision frequencies

and his values at the two lower Cs pressures are shown here although

his electron densities presumably also may be in error. It should be

noted that the data of Brode need not necessarily agree with that of

Mohler since Mohler's results are for a mobility measurement while Brode's

measurements would be sensitive to very small angle scattering. One

might expect Brode's results to yield a larger collision frequency than

Mohler's contrary to Figure 5-6.
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CHAPTER SIX

THERMAL CONDUCTIVITY OF CESIUM AND RUBIDIUM VAPOR

Recent developments in thermionic conversion have indicated

that a favorable regime of operation is one of high cesium pressure

and rather small emitter-collector spacings. High converter efficiencies

have been demonstrated for pressures around 1 nmn Hg. and spacings around

0.005". Under these conditions thermal conduction through the cesium

vapor may be a significant irreversible energy loss. Very little data

is available in the literature concerning the transport properties of

alkali vapors, so that the work described here should be useful in im-

proving the estimates of thermionic converter efficiency.

The heat transfer by thermal conduction was determined by

measuring the additional power required to maintain a hot ribbon fila-

ment at a fixed temperature with increasing cesium pressure. The fila-

ment was a 2 mnn wide tungsten strip and the collector was a pair of nick-

el plates. One of the difficulties encountered with this type of cell

was the effect of undetermined conduction losses at the ends of the fila-

ment into the supporting structures. This problem was overcome by in-

corporating two filaments in the cell, one of which is twice the length

of the other. A photograph of this cell is shown in Figure 6-1. A double

width collector accommodates both filaments. Both filaments have ident-

ical ends, so that for the same temperatures, the end losses are the

same for both. If tke measured power increments are A PL and A P2L

for the filaments of length L and 2L respectively, and the cesium therml
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conduction losses are KL and 2KL respectively, then

A PL = KL + end losses

AP2L = 2KL + end losses

Since the end losses are the same, the difference between these two

expressions is

A P2L - L KL,

thus canceling the error due to end effects, to first order.

The power supply for the filaments consisted of six volt storage

batteries assisted by battery chargers, so that there was very little

problem with drifting currents. All of the electrical measurements were

made to four place accuracy with a 14N K-2 potentiometer. The measuring

circuit is shown in Figure 6-2. The long and short filaments are in-

dicated as RfH and Rf2, respectively. The potentioneter leads were built

into the cell and put directly across the filaments, eliminating possible

error due to voltage drops in the supporting structure. For any given

temperature, the shorter filament required a greater current than the

longer filament and this was supplied by the battery in the auxiliary

circuit. By this means, the temperature of both filaments was kept the

same at all times. The heating currents were measured with the potentio-

meter as the voltages across the standard resistors RSI and RS2.

The filament temperature measurements were made by calibrating

the resistance of each filament against its temperature as measured with
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an optical micropyrometer before cesium was admitted to the tube. All

subsequent temperature determinations were made with these calibrations.

The temperatures of the filament refer to that measured at the center of

each through the small holes in the collector plate. However, the tempera-

ture was not uniform along the filaments because of end effects. In order

to correct this, temperature profiles were made with the pyrometer for

both filaments. The appropriate average temperature was then used in all

thermal conductivity calculations.

A set of thermocouple leads was built into the tube and the

junction welded at the center of the collector plate, so that its

temperature could be measured. A calibration was made of the plate

temperature with cathode temperature under vacuum conditions and at

a cesium pressure of 2 mm Hg.

The cesium reservoir temperature was maintained constant to

within one half a degree by immersion in a liquid metal bath of lead-tin

eutectic.

A set of filament power measurements vs filament temperature

for a spacing of 0.005" was made for cesium reservoir temperatures of

280 C, 226.5 0 C, 250°C, 2800 C and 306.5 0 C. The most reliable data was in

the filament temperature range from 13000 K to 16000 K, and this is plotted

on an expanded scale in Figure 6-3. The thermal conductance was computed

for each pressure at 1300 K, 1400°K, 1500°K and 16000 K, and an average

value over this range for each pressure was obtained. A similar set of

measurements for a gap spacing of 0.010" was also made. The thermal
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conductance determined in this way is independent of pressure and varies

inversely with spacing at high pressures, as expected from kinetic theory.

The accuracy of the measured variation of thermal conductance

with filament temperature may be doubtful, but a regular variation was

observed and this is presented here. The thermal conductance vs pres-

sure for the 0.005" spacing as measured at five filament temperatures is

plotted in Figure 6-4.

The result of the most simplified calculation of the thermal

conductivity of a gas(1) is

X _V I n Cv Vm k Cv Wi1-• = • m 1

in which

1 k~/2
v (-kT) , mean velocity

I = mean free path

C = heat capacity at constant volumev

a = molecular diameter

S= numerical constant, dependent upon rate of collisions.

It is taken here as 25/32.

For a monatomic gas, using the model in which the atom is considered a

rigid sphere,

* 8.34 x 10-4 • watts/cm-OK, (2)
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where M is the molecular weight of the gas and a is expressed in

angstroms.

The hard sphere model is a useful approximation but a more

realistic description of the molecular potential is required for more

refined results. A commonly used one is the Iennard-Jones potential,

whose form is

0 (r) =4e L2 a12 2 ()6()

The significance of the consitnts is that a is the distance of closest

approach of two collid- -• molecules of zero kinetic energy, and e is

the maximum energy of attraction of the two molecules. The methods for

carrying out the calculations of the transport properties are very in-

volved, and are discussed in some detail in Reference 1.

The expression for thermal conductivity, to a first approximation,

based upon an arbitrary potential is very similar to that for hard spheres,

with the additional involvement of a parameter known as the collision

integral,

(T) =VT f e4 2 T Q(2 (v ) d7 (24)

2

in which k

v = relative velocity of two colliding atoms

G(2) (v) = collision cross section between two atoms of relative

velocity v.
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For rigid spheres,

(2) 2 2
trig. sph. 3

(2,2) -V "
Sdrig. sph.V. ':

The formulas are more conveniently expressed in terms of the

reduced quantities

kT

and

Q(2,2)* _- ?(2,2)
S(2,2)
rig. sph.

The collision integral ratio is then a measure of the departure from

the rigid sphere model. A table of values of ý)(2,2)* is presented in

Reference 1, (p. 1126), for the Lennard-Jones potential. The variation

of 4(2,2)* is as (T*)"I/2. The thermal conductivity in terms of the

collision integral is

x, -8.34 x 10-4 .2 watts/cm-°K (5)
(2,2)

Methods of calculating the interaction potential, e, are discussed in

Reference 1, p. 245, for the Len-ard-Jones potential. The result is



6.7

E/k - 1.15 TBoi]iru Point'

elk w. 192 Tltin Point

or e/k = 0.77 TCritical

The interaction energy constant for cesium froA the boiling

point temperature is

F/k = 1108 0K

and

T* -T

1108'K

Estimates of a may be made from measurements of the atomic

volume in the solid phase, and a value of 5.40 X is obtained for cesium. (2)

It may be expected, however, that such a determination of the atomic dia-

meter in the gas phase will not be very accurate. The product of thermal

conductivity times 2 from Equation (5) is plotted vs T in Figure 6-5

for cesium. A best fit to the experimental data is obtained by choosing
0

a = 9.17 A. Using this value of a, the theoretical thermal conductivity

is compared in Figure 6-6 with the experimental values obtained over a

range of temperature from 9450 K to 11880 K. The experimental variation of

thermal conductivity appears to be greater than the variation expected

from theory, but it may be that the accuracy of the measurements is not

good enough to warrant this conclusion.

The mechanisms governing thermal conduction in a gas at low

pressure are different than those at high pressure. If the distance be-

tween the hot boundary and the cold boundary is less than the mean free
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path of the gas atoms, then the atoms make almost no collisions with

each other in crossing the space. In this case, all of the energy

picked up by an atom at the hot surface is deposited on the cold sur-

face, provided the accommodation coefficients are unity. Since no col-

lisions occur in the space, the transport of energy will be independent

of the spacing, but will be proportional to the number of atoms filling

the space, and to their velocity. It is easily shown from kinetic theory(3)

that the thermal conductance at low pressure, for plane parallel geometry,

is

in which K depends only upon the gas temperature and atomic velocity, and

a is the accommodation coefficient. Using an accommodation coefficient

of unity, and assuming a cosine law of evaporation from the surfaces, a

value of K = 2.7 x 10-3 watts/cm 2O-KK-mm Hg is calculated for cesium.

The mean free path of a gas is given by*

= 2 5.05 0 6 x 1o"0

For a gas temperature of 11000 K, a mean free path of 0.005" is calculated

to occur at a pressure of 0.28 mm Hg. using the atomic diameter of 9.17

obtained from the high pressure conductivity. This is in good agreement

with the experimental results, where the high pressure behavior begins at

about 0.5 mm Hg. The knee of the conductance curve as the high pressure

value is reached is, however, much sharper than expected.

*See Ref. 1, p. 10.
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The slope of the measured conductance curve in the low pressure

region is 1.52 x 10-3 watts , which is 56 percent of the theo-

retical value. This difference can be explained by an accommodation co-

efficient which is less than unity. If the accommodation coefficient of

both surfaces were the same, then from the formula for the effective ac-

commodation coefficient, a, of a pair of plane parallel surfaces whose

coefficients are a1 and a 2 ,

a 1 C2+-z a2c1 -',q

the experimental results correspond to a surface accommodation coefficient

of 0.72. On the other hand, if the cold surface, which is heavily coated

with cesium, is assumed to have a coefficient of unity, then the surface

accommodation coefficient of the hot surface would be 0.56, which seems

rather low. Since there is no available data in this area, it is not

possible to resolve this uncertainty here.

The large value of the scattering cross section obtained from

the cesium thermal conductivity measurements suggested that the theory

upon which this evaluation is based, might not be valid in the region of

interest. A similar series of measurements was completed for rubidium

vapor, which permits an independent comparison with the theory. The atomic

structure and physical properties of rubidium and cesium are very similar.

The transport properties of these two vapors would be expected to differ

to the extent of the differences in their atomic mass and atom-atom inter-

action. The measurement techniques are very similar, since their vapor
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pressure curves differ by only about 15°C. The two vapor pressure

curves are shown in Figure 6-7.

The experimental methods and apparatus were the same as used

for the cesium measurements. A 0.005" spacing was maintained between

the tungsten filaments and the collector plates. Measurements of fila-

ment power vs filament temperature were made for rubidium pressures of

0.2, 0.3, 0.42, 1.0, 2.2 and 3.2 =a Hg. Data was taken in the range of

filament temperature from 1200oK to 1600°K. The resulting power curves

for the long filament and the short filament are shoun in Figure 6-8

and Figure 6-9. The thermal conductance was computed for each pressure

at filament temperatures of 12000 K, 13000 K, 14O00 K and 1500°K, and the

results are shown platted in Figure 6-10. The knee in the curve, between

the high and low pressure behavior, occurs at very nearly the same pres-

sure for rubidium as for cesium. The high pressure value for rubidium
is 8.6 x lo"• watts/cm2 -°K, as compared to 1.36 x 10-3 watts/cm 2-°K or

cesium. A small dependence on filament temperature was observed and is

indicated by the individual points. The thermal conductivity of rubidium

is shown in Figure &Ul.There is no significant change with temperature

in the region between 9400 K and 1120 0 K. This is in distinction to the

variation observed for cesium, which is also shown in Figure 6-11.

The atomic diameter, a, can be estimated as for cesium. If

e/k is evaluated as C/k - 1.15 TBoiling Point' the value calculated for

a is 12.7 X. However, the value for the dissociation energ of rubidium,

obtained from optical data, is e = 0.49 electron volts. This gives a
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value of a - 8.82 R. From X-ray measurement of the atomic volume in

the solid state, a = 5.02 R. The following table gives the corresponding

values for cesium.

Table 1

Atomic Diameter

e/k from TB e from V from atomic volume

Cs 9.17 7.05k 5.4

Rb 12.7 8.82k 5.02

This analysis of the thermal conductivity measurements yields a larger value

for the atomic diameter of rubidium than for cesium, which is an unexpected

result. This suggests that the Lennard-Jones interaction potential may

be seriously deficient as applied to the transport properties of the

alkali vapors.
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Fig. 6-i. Thermi Conductivity Measurement Cell
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CHAPTR SEVEN

THEORETICAL EFFICIENCY OF A THE¶MIONIC ENERGY CONVERTER

As early as 1955, the possibility of using thermionic emission

as a means of converting thermal energy directly into electrical energy

was discussed.(') Since that time, a number of papers have appeared in

the literature describing the operation of devices utilizing this means

of energy conversion.(2) These papers have used the efficiency of the

device as a criterion of comparison with other energy converters. While

many of the authors have described the effects of varying some of the

many parameters governing the operation of a thermionic converter, none

have considered all of the effects simultaneously. Certain important

effects, such as back current and varying load resistance, have not been

analyzed carefully, if at all. In this work, an attempt is made to

maximize efficiency by simultaneously optimizing cesium pressure (inclu-

ding the effects on work function), anode temperature, load resistance

and lead resistance. The effects of varying cathode temperature and

anode-to-cathode spacing are also included. It is the purpose of this

work to construct a model predicting the behavior of a thermionic con-

verter for the use of designers or experimenters. Results of numerical

computation of efficiency are also presented.

While many properties are of importance in the operation of a

thermionic converter, once the materials for construction of cathode and

anode have been chosen, only a few independent parameters remain. The
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geometrical configuration, the electrode temperatures, the means of apace

charge neutralization, and the resistances of the lead and load are the

only variables which can be adjusted. The most comn means of space

charge neutralization Is the use of a cesium atmosphere in the inter-

electrode gap. Most of the experimental cells and almost all of the

converter designs use geometry which is equivalent to plane parallel

electrodes. Since the lead and load resistances can be simultaneously

optimized to yield maximum efficiency, the four independent variables

in a conventionally designed thermionic converter are the cathode and

anode temperatures, the cesium pressure, and the interelectrode spacing.

A later section will show that the anode temperature and cesium pressure

can also be simultaneously optimized. Thus, once the basic design of a

converter has been made, the choice of materials, spacing, and cathode

temperature will fix all other parameters, if maximum efficiency is

sought.

Description of the Operation of a Thermionic Diode

In this section, a mathematical model describing the behavior

of a thermionic diode will be set up and used to evaluate the efficiency

of such a device. For the sake of mathematical convenience, the operation

will be expressed in terms of variables which are not all independent.

(For exwuple, thermal emissivity is a function of surface temperature.)

This will not affect the derivations described below. Before numerical

calculations can be performed, however, the actual interrelationships

among the physical parameters must be taken into account. A description



7.3

of the manner in which this will be done will be deferred until the

analysis of the operation of the thermionic diode has been presented.

Description of Model Used

Stripped of the numerous parts necessary in its construction,

the thermionic diode can be basically represented by the schematic of

Figure 7-1. A cathode surface in contact with a heat reservoir at an

absolute temperature Tc thermally emits electrons across a Gp to an

anode in contact with a heat reservoir at a temperature Ta. fe

electrons are returned from the anode to the cathode through an

external load.

In practice, certain effects take place which tend to prevent

the flow of a reasonable current. The most serious of these is the

formation of a space charge in the space between the cathode and anode.

This space charge forms a potential barrier for the electrons leaving

the cathode and can reduce the number of electrons reaching the anode

(and therefore the current through the load) by many orders of magnitude.

Two different methods are presently in use to overcome the problem of

space charge. The simplest of the two, in theory, is the method of

close spacing. It is known (4) that the reduction of current flow by

space charge is very sensitive to the distance between the cathode and

anode. For separations of 0.0002 in. or less, the detrimental effects

of space charge can be made almost negligible. (5) The second coon

method of reducing or eliminating pace charge is by the use of a

positively ionized vapor (usually cesium) in the pp between the anode



7.4

and cathode * Me electrostatic potential set up by the ions will then

counteract the retarding potential of the electronic space charge and

permit an increased flow of electron current.

The introduction of the plasms results in a loss of energy

available to the load by conducting heat from the cathode to the anode

and by scattering electron, in the region between the cathode and the

anode. In addition, the plasm my modify the values of the chemical

potential of both the anode and cathode.

In this paper, it will be assumed that the space charge in the

region between the anode and cathode has been eliminated by using a

plasma. It will be assumed that the sole effect of the plasm on the

behavior of the diode is to introduce a "plasm electrical resistance,"

R, and a "plasm thermal conductance," K,,. The former will contribute

to an internal voltage drop inside the diode, and the latter to a

thermal conduction of energy across the cathode-anode gap. Also, only

the case of plane parallel plates one square centimeter in area* will

be considered.

Let 5 and 1a be the work functions of the cathode and anode

respectively. (When similar quantities are defined for both the cathode

and anode, a subscript "c" will refer to the former and "a" to the

latter.) The potential seen by an electron in going from the cathode to

the anode will then be represented by one of three possible cases depicted

*In this regard, it must be remembered that the value of resistance must

correspond to electrodes of unit area, and that net current densities
calculated will be numerically equal to currents.
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by Figure 7-2. The mode of operation will be classed as uphill if

v > Ic - A. (Figure 7-2a), downhill if V< ic -da (Figure 2b), and

flat if V = ic - ia (Figure 2c).

The saturation emission current densities will be denoted by

Jes and J s. By Richardson's equation

Ja = ATa2exp (-Sa/a) (2)

where A is Richardson's constant, equal to 120 amp cný2 deg K-2 ; and,

if k is Boltzmann's constant, and e the electronic charge, K = k/e =

8.616 x 10-5 volts deg K"I. In the flat mode, the net current density,

J, from the cathode to the anode is simply the net saturation current

density, Ji

In general, this is not true, and the net current must be written

i " Jc " i (a•

where in the uphill mode

-J c n x [-(V - + a)/MýI (5)
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and in the downhill mode

" Jc 0ic

Ja= Jas expl" - V - Ia)/iral (6)

Te heat input to the cathode and power output to the load

must be known in order to calculate the efficiency of operation of a

thermionic generator. The power output is simply the load voltage

times the current, where the load voltage is equal to the emf, V,

generated by the diode minus the voltage drops due to plasma resis-

tance (HP) and lead resistance (RL).

Pout J(V - J (RL + Rp)) (7)

By the first law of thermodynamics, the total heat input to

the cathode is equal to the total energy leaving the cathode. The latter

can be expressed as the sum of several terms:

1) Heat radiated from cathode to anode, W.

2) Support and end losses, X.

3) Heat absorbed by electrons leaving the cathode and

reaching the anode, H .c

B) Heat conducted from cathode to anode by lead wires and

plasm, HR.

5) Heat returned to the cathode by electrons arriving from

the anode, H.a

6) Heat returned to cathode from the Joule heating of lead

wires and plasma, HJ.
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The first four effects carry heat away from the cathode while the last

two bring heat to the cathode.* The total heat input, Hin, to the

cathode can be evaluated.

Hin - W + % + H -H + X (8)

The individual terms are readily calculable. The thermal radiation term

W is given by the Stefan-Boltzmann law**

W (- -F ) (9)

where, if E c and Ea are the total emissivities of a parallel cathode

and anode, the view function F is(6)

-m-12F - (•C-- + 6 a"I-1_l(0

and a is the Stefan-Boltznann constant (5.67 x 10"12 watts cm"2 deg

K"4 ). The heat carried by thermal conduction away from the cathode is

Hit-(KP,+ YL) (Tc -T%) (3-1)

where K% and KL are the thermal conductances of the plasma and the leads

respectively. It will be assumed that the Joule heat returned to the

cathode is simply one-half the total Joule heat produced in the leads

and in the plasma.** Thws

*Minor losses due to thermoelectric effects and the energy required

to ionize the plasma will be ignored.

**It is here assumed that both the anode and the cathode are gray bodies.

This result is obtained rtgorously in reference 2d.
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Hj - (1/2) (RL + Rp) J2 (12)

In order to compute Hc and H, the mode of operation must be considered.

From Figure 7-2, it is seen that in the downhill mode an electron leaving

the cathode must have absorbed an amount of heat at least equal to iA•C

Similarly, an electron arriving at the cathode from the anode must also

have absorbed at least that amount of heat. For the uphill mode, this

minimum amount of absorbed heat is V + da. Define

a " Mx (cI, a + v) (13)

The value of A is thus the miniou heat absorbed by an electron traversing

the diode in any mode. In addition to this minimum heat 5, there is some

kinetic energy which the electron my possess. If the electrons immedi-

ately outside the cathode or anode have a Mexwellian distribution

characteristic of the temperature of the surface which they have left,

it can be shown that, on the average, this additional kinetic energy

will be 2KT where T is the temperature of the emitting surface. Thus

Hc " Jc (d + 2•T)l

and

Ha - Ja (A + 2KT) (15)

The efficiency, defined as the ratio of output power to heat in, is then

given by
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J [V - J~ OtL + R Bj)]16

w + ( C) + (KL+Kp)(T-T) - J.(&2Iý,) Re+ly/2 + X

In practice, the load resistance, Rl.d, is a quantity which

can be varied at will. However, mathematically the internal voltage

V - J(RL + Rp+ Rlmd) (17)

is much more convenient to use. Therefore, in lieu of R, RL and

being considered as three independent variables, R, L and V will be

used, the transformation being non-singular. It must be kept in mind,

therefore, in the following analysis that, if, for example, a variation

Of RL at constant V is considered., a variation in R and/ora odi

necessary. The value of the variable V is not completely optional.

There are limits on V, and values outside of these limits are not

physically obtainable. It is only the load resistance which can be

physically varied from zero to infinity, short and open circuit

respectively. Each case yields an equation which my be solved for

the internal voltage. The minimum value for V, Vsc, is obtained from

the short circuit equation

0 -V -J (RL + Rp) at V V (18)

Equation (18) is transcendental and cannot be solved analytically. The

open circuit voltage V is determined by the condition

o(
J I-Oat V • Vo (19)
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An analytic solution to (19) for Vo can be obtained from (4), (5) and

(6)

voc - 11c + Csn 0(,/j,,) (a0)

where

T aT if J08 > Js, and T -Ta if Jas > js

B. Optimization of Lead Resistance

7he efficiency (16) can be optimized w..th respect to the lead

resistance at fixed V as follows:

If Ac, L, p, and K are respectively t" cross-sectional area,

length, electrical resistivity, and thermal conductiv'ty of the leads

R L -p4/A (21)

KL KAIL (22)

By the Wiedemann-Franz law p and ),of a metallic conductor at a tempera-

ture T are related by the equation

p- X=T /T , % - 2.44 x 108 watt-ohm-deg K2 (2)

If To is assumed to be the average of TC and Ta

KL - (A/2 RL) (TI + T2) (24)
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Thus KL can be replaced in (16) by its value in terms of RL

from (24) and obtain an expression which can be reduced to

7 pqo (25)

where no is the efficiency of an identical diode with ideal leads (i.e.,

RL 0, KL" 0

% o [V - (26)
WJc ( J a(I5 a) + Kp(Tc-Ta) - •2 + x

and I -l
A - (1-Y,) 2 (7- ), •

G - (v-JR p) 2 :L(T c2 -Ta 2)- (28)

-Y Jj (29)

From (17) therefore
RL

Y + Rload

Thus physically the parameter -y is the fraction of the external emf of

the diode which appears across the leads; or equivalently, it is the ratio

of the lead resistance to the total external resistance. Its range there-

fore is from 0 to 1.
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The efficiency can then, in principle, be maximized with respect

to the lead resistance RL. Using the representation of (25) and noting

that RL enters only through the dimensionless parameter y, it is found

that the efficiency optimized with respect to RL is (quantities evalua-

ted at that value of RL giving maxim= efficiency will be denoted with

an overhead bar)

- Yo10 (31)

where

5 . V/ + B - 1 (32)
l+ 1 -1 o

R= [(V JR IJI/] [(-fi7+ - 1)/B] (33)

ý/ •- J/(V JR p• (34)

B -G(2 - qo) -o (35)

As the value of B ranges from zero -,- infinity, the value of

ywill range from 1/2 to zero. Thus under no conditions will more than

half the external emf appear across the leads when they are optimized.

Obviously, , •1. The quantity 5 is the fraction to which the

efficiency of the ideal diode with ideal leads (zero electrical resistance

and zero thermal conductivity) has been reduced when the physical leads

have been optimized. Considered as a function of ) alone (V, Tc, T
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fixed), can be shown to be monotonically decreasing. Thus the tendency

of the leads to decrease the efficiency is greater for an ideal diode

with a large efficiency. This can be explained qualitatively from the

fact that the higher efficiency diodes have in general the larger

electric currents and that the larger the current, the larger the voltage

drop in the leads. However, Y is still a monotonically increasing func-

tion of ' o"

If non-optimum leads are used, a decrease in efficiency will

result. This effect will be considered for the most pessimistic case

by adjusting the parameters so that 0 is as small as possible. This

can be done by making G as small as possible. For the values Ta - 0°K,

Tc - 3000°K, and V - JRp a 1 volt, G is equal to 4.55. Figure 7-3 shows

the results of calculations of a as a function of 9 o and y . Also

shown in that figure is the locus of the maximum of the curves, 5.

Several features of these curves are of interest. A4÷ a critical value

of y equal to G"1/2 (0.47 in this case), the curves for different values

of ý o intersect. For y greater than this critical value, p is a mono-

tonically decreasing function of 1o, but very weakly dependent upon 0. o

For y less than this critical value, 1 is a strong monotonically

increasing function of 11.

Curves of y, ý, and • as functions of )1 o are presented in

Figure 7-4 for the values of T, T and V used above.
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EDpirical Evaluation of Paramters

In order to be able to calculate the quantities discussed, it

is necessary to imow the values of many parameters such as work functions

and emissivities. In reality, quantities such as these are not indepen-

dent, but depend on the pressure of cesium and the temperatures of the

electrodes. 7his section is devoted to describing the relation which

exists among these quantitits.

The relationship of effective work function to cesium pressure

and surface temperature has not been well determined. The pioneering

work of iAngmuir(7) provided the bas.s for the present empiri. al equation.

While no theoretical justification of the equation can be giver, the

results are in close agreement with the original data and with the extra-

polations of Other investigators(2d)

The effective work function of cesium-coated tungsten was

assumed to be a function of only the fractional coverage, 0. The data

of Iangmuir and Taylor(7) are plotted in Figure 7-5. The empirical

equation

a - 4.52 - 8.59 ÷ + 6.-3e2, e < _.86

a- 1.81 , 0_;.86

was fitted to this data. The results of this equation are also plotted

in Figure 7-5.

The estimation of the fractional coverage as a function of

cesium pressure and surface temperature was also made by the use of a
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set of empirical equations. Figure 7-6 shows the relation between

surface temperature and coverage for two particular cesium

temperatures.(7) Figure 7-7 shows the relationship of work function

to cesium pressure and surface temperature.

The thermal emissivities of tungsten is given by several

references as a function of temperature. The data used here are those

of Forsythe and Watson.(9)

Values of plasm electrical resistance and thermal conductance

are not available in the lterature. Gottlieb and ZoUveg(lO) have

recently measured the thermal conductance of cesium plasma. An empirical

fit to their results is shown in Figure 7-8. These data were fitted well

by the empirical equation.

- 1.5x10"4 l-exp (-40 Pd) (37)

where P is the cesium pressure in mm of Hg, d the spacing in cm

and the thermal conductivity of the plasma in watt-cm/deg K.
P

The electrical resistance was estimated frum J-V curves taken by

Gottlieb and Zollweg. The results are quite preliminary in nature.

For the calculations discussed hereafter, the plasma resistivity, /Op

was estimated by the equation

=tp- 2.67P (38)

vhere P is the cesium pressure in ma Hg and/Onp is in ohm ca.
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Results of Numerical Calculations

Because empirical data concerning the effect of cesium coverage

on the thermionic properties of materials is well known only for tungsten,

calculations were made only for a device in which both the anode and

cathode were made of tungsten.

Calculations of the optimum operating point according to the

method described above were carried out on a high speed digital computer

for more than 5000 different combinations of spacing, and eathode, anode,

and cesium bath temperatures. At the values of lead and load resistance

which yielded the maxima efficiency for each of the given combination

of parameters, some forty different properties, such as power delivered

to load, external voltage, net current, etc., were tabulated in addition

to the efficiency. As already shown, for given materials of construction,

the efficiency ý , optimized with respect to load and lead resistance is

a function of only four variables - cathode-anode spacing, and the

temperature of the cathode, anode, and cesium reservoir. Because of

the number of independent variables, it is possible to plot lines of

constant efficiency in a large number of ways. By keeping two of the

parameters constant, efficiency contours can be plotted as a function

of the other two. Figures 7-9, 7-10, and 7-1i show respectively sample

result of keeping fixed cesium temperature and spacing, anode temperature

and spacing, and cesium temperature and anode temperature. It was found,

however, that the most useful type of plot was obtained by fixing the

spacing and cathode temperature and drawing curves of constant efficiency
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as a function of anode and cesium reservoir temperatures. A typical set

of such plots is shown in Figure 7-12. It should be noticed that in each

case, the efficiency has a maximfm occurring at a unique combination of

cesium and anode temperatures. This maximum is a general occurrence for

all of the possible combinations of spacing and cathode temperature,

although its precise location will depend upon the particular values of

spacing and cathode temperature considered. It should be mentioned that

these maxima may only be local and that higher efficiencies may be

obtainable at lower anode temperatures. However, anode temperatures

less than 6000K were not considered to be reasonable from a design

standpoint. Further, the anode temperature can never be less than the

temperature of the cesium reservoir, for the latter must be the lowest

temperature in the diode so that it will determine the pressure of the

cesium vapor. Curves of the type in Figures 7-9, 7-10, and 7-11 do

not display a -mxi[mu of efficiency since higher efficiencies can always

be obtained by going to a sufficiently higher cathode temperature. If

Figure 7-ii is considered at a fixed value of cathode temperature, it

can be shown that an optimum value of spacing exists. However, these

spacings are extremely smal (less than 2.5 microns) and not realizable.

Therefore, for spacings larger than this, the efficiency decreases with

increasing spacing.

A sumary of the i•im obtainable from plots of the type of

Figure 7-12 is shown in Figures 7-13 and 7-14. In these figures are

shown three sets of curves as functions of cathode temperature - maxim=
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attainable efficiency and the anode and cesium bath temperatures necessary

to attain that efficiency. Each set consists of five curves corresponding

to five different spacings. There are several important features of these

curves which should be noted. There is, for a fixed spacing, a wide range

of cathode temperatures in which the ultimate efficiency is relatively

independent of cathode temperatures. Thus, a small improvement in the

temperature capability of most existing materials does not produce a large

improvement in efficiency of operation. Further, the anode temperature

required for mimum efficiency is seen to be within the range 900°K to

1100°K regardless of the cathode temperature or spacing.

It should be reemphasized at this point that the numerical

results presented in the figures and in the above discussion refer to a

device with tungsten anode and cathode. For other materials, the

numerical values might change considerably, but it is believed that the

qualitative nature of the results should be the same.

It must also be recalled that these calculations are based

on the assumption that space charge has been eliminated. Since there is

a minimum cesium temperature at which this is true, certain areas of the

curves presented (particularly at the lower cesium temperatures) are

inaccurate. Fortunately, from the limited data available in the litera-

ture, the optimum operating points do not appear to be in this excluded

area.

If accurate emission data were available, calculations of the

type discussed here could be carried out for other materials. While
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experimental investigations of these data are presently being made by

various laboratories, little information is available in the literature.

Conclusions and Recommendations for Further Study

The following are some conclusions we have drawn from this

study and some recommendations for further work.

When for a fixed spacing and cathode temperature all other

parameters are optimized using efficiency as the criterion, the resulting

optimum efficiency is a relatively insensitive function of the cathode

temperature in the temperature range 1600 to 220°K. Clearly, a small

improvement in temperature capability will not result in a significant

improvement in efficiency. Only a large increase in operating tempera-

ture provides a marked improvement. In order to operate a thermionic

converter of the type discussed here at 25% efficiency, a cathode temp-

erature above 2200°K is necessary. A thermionic converter using tungsten

electrodes operating with a cathode temperature of 1600 to 2200K would

have an efficiency between 15 and 20%.

The introduction of cesium into a thermionic energy converter

has two opposing effects upon the efficiency. Thermal and electrical

losses occur in the cesium, while the reduction of cathode and anode

work functions allows more efficient operation. As the pressure of cesium

is increased from zero, the efficiency is increased reaching a maximum.

Above this critical value of cesium pressure, the efficiency decreases

because of the increasing electrical and thermal losses in the plasma.
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The attainment of maxumm efficiency depends critically upon establishing

the optimum cesium pressure. Mhe use of a cathode material possessing a

larger affinity for cesium would make possible lover cesium pressure to

obtain a given work function. The plasm losses would then be lover.

The net result would be a higher efficiency of operation. In short, the

use of a cathode material of higher affinity for cesium will result in

increased efficiency. It can be shown that the converse is also true.

Thus, consideration of the cesium affinity is of considerable Imortance

in the selection of a cathode material.

From examination of the operating characteristics of thermionic

converters (such as Figure 7-12), it is seen that efficiency is a relative-

ly insensitive function of anode and cathode temperature and of spacing.

The cesium pressure, on the other band, is quite a critical parameter

ax4 should be controlled very closely. The lead and load resistances

are also critical parameters. Operation away from these critical values

can decrease the efficiency by a sizeable fraction. These relationships

should be carefully considered in the design of thermionic converters.

The calculations of efficiency have been checked against the

results of the few experimental devices available in the literature.

Where sufficient information is given to allow comparison, the agreement

has been quite reasonable. While the calculations are not to be consid-

ered as exact theoretical results, the values are probably quite close

to reality. While the model of the plasma is not entirely realistic and

the effect of space charge has been largely ignored, the errors introduced
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are small in the regions of Interest. Devices of 35% efficiency are

clearly impractical, while a 20% efficient device can probably be built

with present techniques and materials.



7.22

1. D. K. Coles, Westinghouse Research Report 60914469-2-Rl, June 16, 19514.

2. (a) N. S. Resor, J. Appl. Pliys. L1, 163 (1960);
(b) J. M4. Houston, J. Appl. Phys. Z, 181 (1959);
a) J. H. Ingold, J•. Apl. PY-. M, 769 (1961);
Sd) A. Schock, J. Appi. Phys. 2,, 1564 (1961);
e) G. N. Natsopolous and J. Kaye, Proc. X.R.E. !, 1574 (1958);

"Direct Conversion of Heat to Electricity," edited by J. Kaye
and J. A. Welsh, John Wiley and Sons, Inc.; New York (1960).

3. U. S. Patent No. 2,980,819 issued to G. R. Feaster, April 18, 1961.

4. W. B. Nottingham, "Thermionic Emission," HANDBUCH DER PHYSIK 21,
Springer-Verlag, Germany (1956).

5. H. F. Webster, J. Appl. Phys. 0, 488 (1959).

6. (a) M. Jakob, Heat Transfer, John Wiley and Sons, Inc.; New York
(1957), Vol. II, Chap. 31.

(b) k.. E. Fein, Rev. Sci. Inst. 11, 1008 (1960).

7. J. B. Taylor and I. Iangmtir, Phys. Rev. 44, 432 (1933).

8. W. B. Nottingham, Tech. Rept. 373, Research laboratory of Electronics,
The Massachusetts Institute of Technology (1960).

9. W. E. Forsythe and E. M. Watson, J. Opt. Soc. of Amer. 24, 114 (1934).

10. Unpublished Research, M. Gottlieb and R. Zollveg.

3-1. L. S. Richardson, A. E. Fein, M. Gottlieb, G. A. Kemeny, and R. J.
Zollweg, paper presented at Technical Conference of the AIME, Los
Angeles, California, August 30 - September 1, 1961. Proceedings
to be published. Also, see Westinghouse Scientific Paper
91BE901-P2 (October 13, 1961).



7.23

Cathode

AnodeTc r To

Load

Fig. 7-1

Basic Thermionic Diode

#CL

4,~ v vL
(a) (b) (c)

Uphill Downhill Flat

Fig. 7-2

Modes of Operation



7.2.

.8 '17= 0.1
17=-0.5

•10
.4

.2

.2 .4 .6 .8 1.0
JRL

Fig. 7-3. 0 as a Function of 7 and the Ideal Efficiency,

0o " •



7.25

1.0

0.80
0.3

0.6-

0 04

-0.1
0.20

0 0.2 0.4 0.6 0.8 1.0

Ideal Efficiency, 710

Fig. 7-4. Optimum Values of j, F and T as Functions
of the Ideal Efficiency, oo.



7.26

5.0

- Taylor - Langmuir

4.0 -- Empirical Equation

4.0

2o 3.0

S0

O-

0 I I II
0 .2 .4 .6 .8 LO0

B

Fig. 7-5. Work Function of Twungten as a Function of
Frctioml Coverg by Cesium.



7.27

"a E
EU

-3

EE

L.CL

'0 EU

0 1 0 EU

0

0 EU



7.28

4.5

Cesium TemperatureOK
40O-

"m 3.5

C

L M 3.0

2.5

2.0-

1.5-

1000 1500 2000 2500

Surface Temperature (NK)
Fig. 7-7. Work Function " a Function of Cesium Bath

Tempreatume ad lurfane TO~erature.



7.29

1. 5 x 10"4

pacing

LO x 10

25p

E -4- (015x10

2. 5p

0
2 4 6 8 10

Pressure (mm of Hg)

Fig. 7-8. Theumal Conductivity of Cemium Plaým as a
Function of Spacing and Pressure.



7.30

III III

Cesium Temp. w 560*K
Spacing - 125/eL
Material = Tungsten

0.1

E
2000 1

010

1500

600 700 800 900 1000 1100 1200
Anode Temperature (OK)

Fig. 7-9. 'icienoy as a Function of Cathode
and Anode Temperatures



7.31

Anode Temp.= -O00K
Spacing = 125/.
Material = Tungsten

0

S2500

:30 \

E
F9 2000/

~0
o

1500/

460 500 540 580 620
Cesium Temperature (°K)

Fig. 7-10. Efficiency as a Function
of Cathode and AMode
Temperatures



7.32

Cesium Temp. = 560 *K
Anode Temp. - 1000%K
Material -Tungsten

0

Of2500
250

2000

0~
\E

150)1

0 01015 0 5
Spcng(icos

Fi.71.Efcec-saoucino pcn n
Cahd0vaeaue



7.3,

SpiIng - 2. 5 pi

110 5 10 T15

11•15

iT~I I 15 Ii

1000 -2 -6 - 00 2 6 O

Cesium Temperature I(OK)

Ft.g. 7-12. Efficiency as a Function of Spacing and Anode,athode anL Cesium Temperature.



Ef ficiency(%
000

30
a100

CD

c~Fo

01



7.35

(>i 0) eifl~DJdwai 0 0

I 0

uII I ,'nWf/
c' I.0) 4

0) 0'~0

M~ Ii \)

I 0

a' 0I -o

PP

0 to ()qoejnlDjadweiL 9pouV



8.1

CHAPTER EIGHT

LIFETDM OF A TXERNIONIC EKERGY CONVERTER

The design, construction, and operation of all devices are

dictated by their required lifetimes. This requirement varies from

minutes for a rocket motor to years for a commercial power plant. The

mechanisms of failure must be considered in order to predict this life-

time. In a thermionic energy converter, the basic cause of failure is

the evaporative transfer of cathode materials. Other causes such as

corrosion, mechanical failure, or radiation damage can in most cases

be pr- tented by ingenious design. Evaporative loss, however, is an

inherent limitation because of the Ligh operating temperatures required.

To predict the lifetime of a thermionic energy converter, only the

allowable loss and the rate of evaporative transfer must be known. The

allowable loss is determined by the exact mechanism of failure. Whisker

formation, changes in the thermal emissivities, and changes in the work

functions a-e examples of such mechanisms, any of which may be caused by

evaporation and/or deposition. The rate of evaporative transfer is

dependent upon the geometrical configuration, the operating temperatures,

the materials of construction, and the internal pressure of the device.

An energy converter must possess a useful energy output as

well as a useful lifetime. In order to compare the operation of different

energy converters, some criterion of comparison must be chosen. Some

possible criteria are the efficiency, the output power, or the power to

weight ratio. Each of these is important in certain applications; for
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example, a stationary land-based power station is usually an efficient

low cost device while a space power plant is usually a light device.

In this paper, the efficiency has been taken as the criterion. This

choice was made for several reasons: 1) The efficiency is always of

interest to the designer regardless of the application of the dcvicc.

2) Calculation of the power-to-weight ratio requires a detailed knowledge

of the heat source and sink, and is thus dependent upon considerations

beyond the scope of this paper. This point will be discussed further in

a later section. 3) The output power and other possible criteria are

more specifically related to particular applications than is the efficiency.

A number of authors have calculated efficiencies of thermionic

energy converters using a number of different approximations. (i) While the

efficiency is a function of a large number of variables, in principle most

of these variables are determined by a relatively small number of parameters.

If the materials of construction and their properties are known, then the

efficiency is a function only of the cathode-to-anode spacing, the cathode

and anode temperatures, the means of space charge neutralization, and the

lead and load resistances. In most converters presently under investigation,

cesium vapor is used for space charge neutralization, and frequently also

for modification of the cathode and anode work functions. In this case,

the efficiency is also a function of the cesium pressure. In all but the

most recent calculations of efficiency referred to above, the interrela-

tionships of work functions, emissivities, temperatures, etc., have been

largely ignored. Furthermore, few of the calculations have considered

variations in load resistance or the presence of back current. None of
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the calculations have attempted to optimize the values of anode and

cesium temperature while simultaneously optimizing lead and load re-

sistance. A recent report(3) su rized a method for this simultaneous

optimization.

Both lifetime and efficiency can be shown to be functions of

the same design parameters: operating temperatures, internal pressure,

materials of construction, and geometrical configurations. For a converter

built of a given material and operating in the most effecient manner

possible, lifetime can be shown to decrease with increasing efficiency.

The balancing of the desires for high efficiency and long lifetime re-

quires the knowledge of how these quantities change as the design parameters

are changed. In this paper, a proposed method for calculating these

quantities is discussed. The relationship of efficiency and lifetime

derivable from these calculations is also presented.

A simple approach is to estimate lifetime by dividing the

allowable surface recession by the rate of evaporation into vacuum. Since

no measurements of the allowable surface recession have appeared in the

literature, a value of 2.5 microns was used as a conservative estimate.

This value, equivalent to about 104 layers of atoms, is small compared

to the spacing of most converters presently under consideration. In a

later section the exact value used will be shown to be unimportant.

Figure 8.1 shows the results of this calculation for molybdenum, columbium,

tantalum, and tungten.(4)

Several important effects occur, particularly in the cesium

diode, that are neglected in this calculation. The presence of a partial
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cesium coverage may increase or decrease the rate of loss. The presence

of contaminant gases (such as water vapor) in the device may also change

the rate of loss. Experimental measurements under very carefully con-

trolled conditions are necessary to determine the magritudes of these

effects. Another effect of considerable importance is the reduction of

evaporative transfer caused by back-scattering from the cesium atmosphere

present in the anode to cathode gp. The magnitude of this effect can be

estimated by a relatively simple method.

A first approximation is to assume that all atoms that strike

the cold surface (anode) stick and that the partial coverage of cesium

has no effect on the evaporation of atoms from the cathode.

For relatively large spacings, the rate of loss is limited by

the rate of diffusion through the cathode-to-anode gp. If the diffusion

constant D does not change within the gap, then the flux R of metal

transported is

R = (1)

where A is the difference in density of evaporated atoms at the cathode

and anode, and d is the width of the cathode-to anode gap. The evaporative

flux Rv at any temperature T is given by

RV - PV/4 (2)

where )O is the density and V is the arithmetic average velocity of the

evaporating species.(5) Since the pressure and temperature of evaporated

atoms adjacent to the electrodes are nearly equal to those characteristic
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of the electrodes, A0 is equal to the difference of densities cbwaac-

teristic of cathode and anode. Since the cathode temperature is coa-

siderably higher than the anode temerature, the density at the cathode

Pc is mach greater than that at the anode Pa. Thus AP is equal to

P and the transport flux is

R 4D R Mvc (3)v d

where RvC is the normal evaporative flux at the cathode temperature.

The quantity D/V has the dimensions of length and is proportional

to the mean free path, A. Hard sphere calculation,(6) show that D/V

equals A /3.

Thus,

R - (4/3)(ý/d) vc (4)

The evaporative transport problem is analoipus to the neutron

scattering problem in a non-absorbing medium, where Rvc is a-alo~us to

the incoming neutron intensity and R to the intensity transmitted. C. W.

Maynard has solved this neutron scattering problem numerically for small

spacings.(7) Examination of his results between 1/4 and 4 mean free

paths shows that the equation

R - Rvcl/( + 3d/,I.) (5)

fits the results very accurately. For large spacing this expression

approaches that of equation 4.
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A more general approach is to consider the space as a succession

of reflecting and transmitting slabs. The transmission through each of

these slabs must have the same functional relationship to thickness as

the transmission through the assembly. If the multiple reflections are

summed up, assuming isotropic behavior, the functional relationship is

f(• E i) -I+ ý( -f(xi)()

.i fx i)

where xi is the thickness of the ith slab and f(xi) is the fraction

transmitted through a thickness x .

It can easily be shown that the only function which obeys this

relationship is

f(x) - (1 + ax)"i (7)

This implies that R - • is the general form of the solution to the1 + ad

transport equation. For a sufficiently large dp the constant term can be

neglected in comparison with ad, thus reducing the equation to the diffusion

case where a is 3/14 . The scattering approach of Maynard also led to the

same value for the constant. Both approaches are based on all collisions

being of the hard sphere variety. Thus equation 5 is the general solution

for transport where the factor 3/4 will be different if the collisions do

not obey the hard sphere model.

An experimental verification of equation 5 for molybdenum is des-

cribed in Chapter 3 of this report. No other measurement of mean free

path under these non-isotherml3 conditions wa found in the literature.
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Theoretical estimates of mean free path assuming isothermal conditions

were 0.9 to 2D times the experimental value, depending on the assumptions

made.

Since the mean free path is inversely proportional to the pressure

and in not a sensitive function of the temperatures, the following rela-

tionship was assumed to hold true for the transport flux

R - (1 + 0.087 pd)"' Rye (8)

for the pressure p in mm of Hg and the spacing d in microns. The value of

0.087 is based upon only one series of experiments and should be accepted

only with considerable reservation.

From equation 8, it is possible to determine lifetime as a

function of cathode temperature, spacing, and cesium bath temperature.

The relative lifetime, defined as the ratio of the lifetime in a gas filled

diode to the lifetime in vacuum, is equal to R vc/R. In Figure 8.2 the

relative lifetime is plotted as a function of spacing and cesium bath temp-

erature which determines the pressure. Better determinations of the mean

free path as a function of pressure may change the values shown in this

figure, but the general validity of the figure should not be affected.

The lifetime will obviously increase with increasing cesium pressure and

spacing.

With the aid of the efficiency calculations in the previous

section of this report, it is possible to determine efficiency and lifetime

as functions of only four parameters -- cathode, anode, and cesium bath

temperatures and the cathode-anode spacing. If this determination be made,
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then for a fixed spacing, a maximum efficiency can be found for a given

miniu evaporative lifetime. The measurement of mean free path su-narized

in a previous section was made using a molybdenum cathode. The relative

lifetimes deduced from this value should not be seriously diffcrert for

tungsten, since both atomic diameter and chemical behavior are very similar.

A curve of maximum efficiency as a function of the evaporative lifetime

for tungsten is shown In Figure 8.3 for a 125 micron spacing diode. Similar

curves can be drawn for other spacings. This efficiency has been simul-

taneously maximized with respect to anode, cathode, and cesium temperatures

for a fixed lifetime. In principle, this procedure could be continued to

determine an optimnu value of spacing. However, impracticably small values

of spacing result.

The extremely large values of lifetime for tungsten shown in

Figure 8.3 are clearly of no practical significance. However, for materials

of higher vapor pressure than tungsten, an analogus curve would be useful.

In particular, if the electron emission properties of molybdenum in the

presence of cesium were the same as those of tungsten then the lifetime

scale would be shifted as indicated in Figure 8.3. It is clear that under

these conditions, a required lifetime of 1 year or greater will result in

an efficiency less than 20% for molybdenum. It must be recalled that this

statement is based on the allowable surface recession being 2.5 microns.

However, the efficiency in the region of interest for zolybdenum is not a

sensitive function of lifetime. Allowing 10 times the recession used here

does not markedly increase the possible efficiency.
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If accurate emission data were available, calculations of the

type discussed here could be carried out for other materials. Similarly,

lifetime calculations could be carried out if measurements of mean free

path for other materials were available. While experimental investiptions

of these data are presently being made by various laboratories, little

information in available in the literature.

As mentioned before, it may often be more desirable to desip

a system with a maximum value of the ratio of output power to system

weight in lieu of maximum efficiency. This is an extremely difficult

problem to solve in general since the weight of the diode itself is negli-

gible, and the weight of the system is the dominant factor. Thus, the

construction of the system must be known in great detail. For example,

in the case of a reactor-powered thermionic converter, a reactor core,

shield, assembly, reflector, and radiator would have to be designed for

each choice of spacing and cathode, anode, and cesium temperatures in

order to determine the weight of the system.

It is possible, however, to say a few things in a semi-quantitative

way about the problem. Consider the radiator, which is responsible for a

large part of the weight of a space power system. Let P be the power

output, Pi the input power, 7 the efficiency of conversion, and T the

anode temperature. Then by definition of

P 0 " 77 i (9)
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The amount of power, PJ which the radiator munt dum as wvate heat is

given by

% " P P0 "(1- (l )Pi (10)

If the waste heat is radiated

P - C1A 4 (11)

where A is the surface area of the radiator and C1 is some numerical

constant. Further, if the weight Wr of the radiator is proportional to

its area,

Wr C2A (12)

When combined, the above equations yield for the ratio of output

power to radiator weight

o/Wr a (Ci/C2) (1-7) Tao (13)

of ý so that for fixed anode temperature, maximizing the efficiency will

maxiymze Po/Wr as well. Bowever, in many cases, the anode temperatures

cannot be considered fixed. A procedure similar to that used in the pre-

ceding sections can be followed using the maximum power-to-weigbt ratio,

instead of efficiency as the criterion. The results are very similar to

those of the previous section in that higher cathode temperatures result

in hi&her power-to-weigit ratios. Figure 8.4 shows the results of optimizing

Po/Wr for a 5 ail sping tungten diode.
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A comparison of the results using the two different criteria,

efficiency and power-to-veight ratio, shows that a significant decrease

in efficiency is the price that must be paid for the maximum power-to-

weight ratio. This is particularly true in the region between 1600

and 2200K cathode temperatures where the optimum efficiency does not

vary rapidly with temperature.

In Figure 8.4 the relative values of the power-to-weigt ratio

and the optimnu anode temperatures are also plotted. The peak in anode

temperatures near a cathode temperature of 2O0°K is almost certainly

a local maximum, since the power-to-weight ratio can obviously be increased

by going to infinite anode temperatures, using a "slightly larger" value

of cathode temperature.

When for a fixed spacing and cathode temperature all other

parameters are optimized using efficiency as the criterion, the resulting

optimum efficiency is a relatively insensitive function of the cathode

temperature in the temperature range 1600 to 2200°K. Clearly, a small

improvement in temperature capability will not result in a significant

improvement in efficiency. Only a large increase in operating temperature

provides a marked improvement. In order to operate a thermionic converter

of the type discussed here at 25% efficiency, a cathode temperature above

2200°K is necessary. Only tungsten is capable of a reasonable lifetime

at this temperature.

A thermionic converter using tungsten electrodes operati4n with

a cathode temperature of 1600 to 22000K would have an efficiency between

15 and 20% and an indefinite lifetime. If the emission characteristics of



8.12

molybdenum are similar to those of tungsten a molybdenum diode could be

constructed with a lifetime greater than one year at an efficiency less

than 2D%.

The introduction of cesium into a thermionic energy converter

has two opposing effects upon the efficiency. Thermal and electrical

losses occur in the cesium, while the reduction of cathode and anode work

functions allows more efficient operation. As the pressure of cesium is

increased from zero, the efficiency is increased reaching a maximum. Above

this critical value of cesium pressure, the efficiency decreases because

of the increasing electrical and thermal losses in the plasma. The attain-

ment of maximum efficiency depends critically upon establishing the optimum

cesium pressure. The use of a cathode material possessing a larger affinity

for cesium would make possible lower cesium pressure to obtain a given work

function. The plasma losses mould then be lower. The net result would be

a higber efficiency of operation. In short, the uq, of a cathode material

of higher affinity for cesium will result in increased efficiency. It can

be shown that the converse is also true. Thus, consideration of the cesium

affinity is of considerable importance in the selection of a cathode material.

From examination of the operating characteristics of thermionic

converters it is seen that efficiency is a relatively insensitive function

of anode and cathode temperature and of spacing. The cesium pressure, on

the other hand, is quite a critical parameter and should be controlled very

closely. The lead and load resistances are also critical parameters.()

Operation away from these critical values can decrease the efficiency by

a sizeable fraction. These relationships should be carefully considered

in the design of thermionic converters.
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The evaporative lifetime of a thermionic converter can be

increased by increasing the spacing and the cesium pressure. While the

data presented here are only preliminary, the lifetime of a cesium filled

diode will probably be at least 10 times that estimated by the use of

evaporation rates into vacuum.

The data necessary for calculations of the type described are

extremely scarce and relatively unreliable. The obtaining of more ex-

tensive and more accurate information would allow the design of thermionic

converters to be made in a relatively routine fashion. For tungsten such

a desiga has been made and the device is presently being built.

The calculations of efficiency have been checked against the

results of the few experimental devices available in the literature. Where

sufficient information is given to allow comparison, the agreement has been

quite reasonable. While the calculations are not to be considered as the

exact theoretical results, the values are probably quite close to reality.

While the model of plasma is not entirely realistic and the effect of space

charge has been largely ignored, the errors introduced are mll in the

regions of interest. Devices of 35% efficiency are clearly impractical,

while a 20% efficient device can probably be built with present techniques

and materials.



8.114

REFERENCES

1. N. S. Rasor, J. Appi. Phys., n, p. 163 (1960);
J. M. Houston, J. Appl. Phys. J, p. -481 (1959);
J. H. In49ld, J. Appi. Phys. 12, p. 769 (1961);
A. Schock, J. Appi. Phys. 32, p. 1564 (1961;
G. N. Hatsopolous and J. Kaye, Proc. I.R.E. !, p. 1574 (1958).

2. U. S. Patent No. 2,980,819 issued to G. R. Feaster, April 18, 1961.

3. L. S. Richardson and A. E. Fein, Interim Scientific Report No. 2,
on AF33(616)-8292.

4. J. W. Edwards, H. L. Johnston, and P. E. Blackburn, J. Am. Chem. Soc.
7, P. 1539 (1952).
R. Speiser, P. E. Blackburn, and H. L. Johnston, J. Electrochem. Soc.
106, p. 52 (1959).
J. W. Edwards, H. L. Johnston, and P. E. Blackburn, J. Am. Chem. Soc.
1, P. 172 (1951).
0. Kubaschewski and E. L. Evans, "Metallurgical Thermochemistry",
Pergpmon Press, 1958, p. 335.

5- S. Dushnan, "Vacuum Technique", Wiley, 1949, p. 17.

6. mid, p. 74.

7. C. W. Maynard, Nuclear Sci. and Eng. 6, p. 174 (1959).

8. W. E. Forsythe and E. M. Watson, J. Opt. Soc. of Amer., 24, p. 1114 (1934).

9. J. B. Taylor and I. Iangnuir, Phys. Rev. 44, p. 423 (1933).

10. Unpublished Research, M. Gottlieb and R. Zollweg.



8.15

1000 ---
Years 1010

1 Year - -
.

o6 Mo Cb Ta W
10

1 Day---
a) 4E 10

.j o2
1 Minute 

-1

.€1 K I

1500 200020 3=0
T (°K

Fig. 8-1. Time to Lose 2.5 Microns by Evaporation fr•c No,
Cb, Ta and W as a Function of Temperature.



8.16

500 i I I

200- Rv
50

1002

10
450 5

E

2

a20-
1.5

1.2
10-

1.1

5-

450 500 550 600

Cesium Bath Temperature eK)

Fig. 8-2. PG3ative Lifetimne of a Cathode a a
Function of Cesium Bath Teqierature
and Spacing.



8.17

Molybdenum Lifetime

5 minutes 1 year 10- years 1010 years
II

30

C

Q)2

206

01

1 105 1010 1015

Tungsten Lifetime (years)

Fig. 8-3. The Relationship between Evaporative Lifetime
and Efficiency for Tungsten ad Molybdenum.



8.18

15

s 10- 20P //

a.5 -ow RI0
1.7.

5-
0 14 0

150020002500

Tc (0K)

Fig. 8-4. Pover to weight htio, Opt Ana& Tempere -
ture, and ffililen7 at Mialan Weight a a
Function of Cathode Tempmature.



9.1

CNAPTCR NINE

ANOI4ALS RICHARDSON EMISSION CONSTANTS

The anomalous behavior of the thermionic electron emission of

some materials has sometimes been ascribed to a value of Richardson's

constant not equal to the standard value of 120 amp-cm' 2 -°K' 2 . It is

shown here that such cannot be the case and that such a deviation from

Richardson's law must be attributed to either a temperature dependent

reflection coefficient or, more likely, a temperature dependent chemical

potential of the emitting surface. In particular, those materials which

would otherwise require a value of Richardson's constant larger than 120

amp-cm'-°K'2 must have a temperature dependent chemical potential, for

a varying reflection coefficient cannot look like an increase in A.

Richardson's equation for the saturation electron emission

current, I, from metals is given as

I - (1-r)At2e -&/KT (1)

where r is the reflection coefficient, p the chemical potential in ev,

T the absolute temperature, K is the Boltzmann constant, and A a

constant theoretically equal to 120 amp-cm 2-°K-2. For semiconductors,

it has been claimed(') that a similar equation can be used with the

electron mass, m, replaced by the effective mass, m*. This results

solely in multiplying the current above by a factor (m*/m). In such

a case, it is said that the material has an "anomalous" Richardson

constant.
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Based upon such a relation, it has been proposed(2) that

higher currents and consequently higher efficiencies in a thermionic

converter can be achieved through the use of a cathode material with

a large effective mass.

It will be shown from fundamental concepts that such cannot

be the case even if Richardson's equation is not truly valid. In parti-

cular, it will be shown that if there were a material with an anomalous

Richardson constant, it would be possible to attain efficiencies in excess

of Carnot efficiency and therefore violate the second law of thermodynamics.

Stripped of the numerous parts necessary in its construction,

the thermionic diode can be basically represented by the schematic of

Figure 9-1. A cathode surface of chemical potential i1 in contact with

a heat reservoir at an absolute temperature T1 thermally emits electrons

across a gap to an anode of chemical potential g2 in contact with a heat

reservoir at a temperature T2 . (TI > T2 ) The electrons are returned

from the a-ode to the cathode through an external load.

In Figure 9-2, V is the internal voltage developed by the diode.

In practice, for a close-spaced vacuum diode, V is the sum of the voltage

delivered to the load plus the voltage drops across the leads. Quantita-

tively, the three modes are described: downhill if i > p2 + V, flat if

P1 = I2 + V, and uphill if P 12 + V.

let the maxlmum potential barrier between the two electrode

surfaces be denoted by p. For the sake of convenience, assume plane paral-

lel geometry with both surfaces of unit area. Note that here I may in-

clude not only the effect of the chemical potentials of the surface, but



9.3

also space charge and Schottky effects. Denote the net current emitted

by each of the surfaces by J 1 and J2 and define

il " (1'rl)f,(T,,P) (la)

1 2 (1-r2)f2(T2'4) (1b)

Note that the functions f1 and f2 can only be dependent upon the tempera-

ture of the surface and the potential V. %he net current leaving surface 1

and absorbed by surface 2 is J12 where

0 =12 " r 1 2 f 1 (T1 4') (2)

and the net reflective coefficient, r12 is given by

r .(1-r 1) (1-r 2)(3
r12 = (l~rl)lr2) (,)

12 1-r1r2

Similarly the current leaving surface 2 and absorbed by surface 1 is

1 21-a r2f2(T2,) (,4)

where r 2 is the appropriate net reflective coefficient, and by the

symetry of (3.3)

r 2 *r 1 (5)

Now assume that both surfaces are kept at the same temperature,

T and that the two surfaces are shorted electrically. Then by the second

law of thermodynamics, no current can flow. Thus, from (2), (4), and (5)
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f1(T,-) - f 2 (T,li) (6)

Since in (6) both T and p are arbitrary, the functional form for the

emission from any surface must be independent of the surface. Thus if

(1) is true for any one mterial (and it is known to be true for mny

materials), it must be true for all materials.

Thus we have proven that emission currents must be of the form

(1). Therefore, the behavior of those materials which exhibit an

anomlous Richardson constant on the assumption of a constant chemical

potential should really be ascribed to a temperature dependent chemical

potential.

There is a further relation which can be derived from such a

general consideration. Let us take as the reference level of potential

energy the Fermi level of surface 1. Let the total of kinetic and potential

energy transported by the electrons leaving surface 1 and absorbed at sur-

face 2 be denoted by Q12(T 9 ,p). Similarly, let Q2,(T2,v) be the total

energy transported by the electrons leaving surface 2 and absorbed at

surface 1. Define h1 (T, 1 ) and h2 (T2 ,L) by

h 1(T11gp) - Ql(T1,ii)/Jl2(T1,p) (7)

h2 (T2 ,p) - Q.(T 2 ,•)/J2(T 2 ,p) (8)

It has already been shown that, by setting to zero the net current flow

for T, n T2 under short circuit conditions, the functions f and f2 are
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identical. Similar reasoning based on the net energy transfer under the

sawe conditions requires that q and 2 be identical. Then from (7) and

(8) the functions h1 and h2 must be identical. Now for .wterials

obeying Richardson's equation for which the electron velocity directly

outside the emitting surface has a Maxellian distribution, it can be

easily shown that

h(T,g) - L + 2KT (9)

However, as has been shown above, this relation is not dependent upon

the electron distribution. Thus one has for the net transfer of energy

from surface I to surface 2, from (2), (3), and (4)

(2 J12 (• + 20 1 ) (10)

and similarly

A. J D( + 2t p. 22

A. J. Dekk~er, loc. cit, p, 224
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CB&PTER TEN

ELECTRON AND ION EMISSION FRO14 CESIUM COATED REFRACTOiY
METALS IN ELECTRIC FIELDS

Attention is called to the dependence of cesium coverage of

refractory metal emitters on electric field as well as upon cesium

arrival rate (pressure) and emitter temperature. At low cesium

coverage a surface phenomena with a discontinuous change of coverage

and of electron and ion emission may take place even for uniform

work function emitters as a consequence of the Saha-Langmuir equation.

This phenomenon may account for the double-mode behavior of electron

emission from the Cs-coated probes reported in Chapter Two, as well

as certain of the double-mode behavior observed with thermionic

converter diodes at lower Cs pressures. It also has a bearing on

the relative emission rates of electrons and positive ions.

When one is concerned with electron emission from cesium

coated refraciory metals such as Tungsten, molyodenum, etc., it has

become fairly common practice to refer to the extrapolated 'S" curves

first obtained by Taylor and Langmuir for tungsten and recently verified

2 3 4and extended to other materials by Houston , Aamodt , and DeSteese

These curves give values for the saturated electron emission at a given

temperature and cesium pressure in the absence of an electric field.

When a field is applied to remove electrons, it is important to note

that increased electron emission may occur not only because of Schottky

effect but also because of a change in surface coverage.

The Saha-Langmuir equationI 5 gives a relation between Cs

atom and ion evaporation rates
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ln (22 In 1,/1<+ jp (05' (M

vhere /, -/. wer evaporation rates of ions sand atow, respectively

0 is the work function of the emitter with equilibrium Cs

coverage

I is the ionization potential of the vapor.

This equation has been experimentally' ytfjdfor alkali metals on tungsten

and oxygenated tungsten but must be generalized to include reflection for

alkali metals incident on platinum. 5 It is reasonable to expect behavior

similar to tungsten for other refractory metals such as rhenium, molybdenum,

tantalum, etc. Thus Cs on tungsten at low Cs coverage where 9> I the

cesium ion evaporation rate is greater than the cesium atom evaporation

rate. Taylor and Lanpnuir found the atom evaporation rate to depend

strongly on coverage as shown in Figure 10-1 which also shows the ion

evaporation rate (based on the Saha-Langmuir equation) and the sum

of the atom plus ion evaporation rates vs. coverage - all at a constant

tungsten emitter temperature of 848 0K. At equilibrium coverage the atom

arrival rate must equal the sum of the atom and ion evaporation rates.

If one assumes a constant Cs pressure such that the arrival rate is

indicated by the dotted line in Figure 10-1, there will be ý.hree degrees of

coverage at which the arrival rate equals the sum of the evaporation rates,

points A, B, and C in the figure. Only points A and C are stable, however,

since a small fluctuation in coverage at B will lead to a larger change until

point A or C is reached. At higher emitter temperatures both evaporation

rates will be higher but the curves will be qualitatively similar in shape

to Figure 1 except that at very high temperatures the relative minimum near

0 a 0.07 will disappear. A family of evaporation curves corresponding to
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different emitter temperatures can be drawn to show how coverage will vary

with emitter temperature at constant Cs pressure. For a snal" temperature

interval two stable coverages are possible and which occurs will depend upon

previous history such as the direction of temperature change and electric

field.

When an electric field opposing ion emission is applied, the ion

evaporation rate -1Jwill be drastically reduced while the atom evaporation

rate is relatively unchanged. At equilibrium this necessitates a change in

coverage until the total evaporation rate once again equals the arrival rate.

It would be possible by means of electric field to force a system initial

stable at coverage A with work function 0-.45 eV, high ion emission and

low electron emission over into coverage C with 0--3.5 eV and relatively

low ion emission and high electron emission.

With a relatively weak electric field opposing ion emission, ions

would continue to evaporate but would be confined to a certain region near

the emitter by a sort of semipermeable membrane, permeable to atoms but not

ions. The arrival rate of atoms plus ions to the emitter surface is thus

increased over that for the field-free case necessitating an increase in

surface coverage. With electric fields of the order of 10 to 105 volts/cm

at the emitter surface (which might be achieved by sheaths) the ions would

be confined to a region inside the image potential barrier and, although

the work function would be altered, it would not be appropriate to speak

of ion "evaporation". The surface electric fields referred to above will

usually be caused largely by sheathe but these in turn will depend upon

external electrode potentials since the latter play a significant role in

the removal rate of charge carriers.
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A different aspect of the surface phenomena discussed above has

been mentioned by Reynolds 6 to explain the discontinuity in ion production

rate with i/T observed with electric fields favoring ion emission. The

results shown in Chapter 2 of this report are in the range of cesium

coverage where this phenomenon is expected and are in qualitative agreement

with the above model. Current-voltage curves obtained in this laboratory

for thermionic diodes with tantalum and molybdenum emitters and a cesium

pressure of 0.085 -m Hg have also exhibited a double-mode behavior in a

narrow emitter temperature region which could be "switched" by changing the

electrode voltages in qualitative agreement with the above ideas. For the

tantalum emitter with an external voltage of 1.5 V, current in the lower node

was about 0.1 amps/cm2 and in the upper mode about 10 amps/cm2 , whereas, an

extrapolation of Houston's data for Ta-Cs gives a field-free saturation emission

of about 0.01 amp/cr.2 . An estimate of the Schottky emission enhancement

because of a positive ion sheath at this pressure gives a factor of 6 in

contrast to the observed 1000-fold increase. These results which appear at

temperatures where low Cs coverage is expected are most reasonably explained

by the change in coverage discussed above with a relatively minor contribution

from Schottky effect.



10.5

RWENCES

1. J. B. Taylor and I. Langmuir, Phys. Rev. 44, 423 (1933).

2. J. M. Houston, Proc. Conf. on Thermionic Proc. and Materials, Bedford,
Mass., June 1961.

3. R. L. Aamodt, Proc. Conf. on Thermionic Processes and Materials, Phila-
deiphia, January 1961. R. L. Aamodt, L. J. Brown, and B. D. Nichols,
J. Appl. Phys. &, 2080 (1962).

4. Chapter Two of this report.

5. S. Datz and E. H. Taylor, J. Chem. Phym. 3, 389 (1956).

6. T. W. Reynolds, NASA Technical Note, D-1307, May 1962, "Estimation of
Critical Temperatures for Surface Ion Currents from Electron Emission
Data".



10.6

12 Tl E ILf N Iva + vp

8480 K
A _ B

1.0

00

Fig. 10-1. Atom and Ion Evaporation Rates vs. Fractional
Monolayer Coverage of Cs on Tungsten after
Taylor and Langnuir.



11.1

CHAPTER ELEVEN

POTENTIAL DISTRIBUTIONS IN HIGH PRESSURE CESIUM
THERMIONIC DIODES

The operation of a thermionic diode can be completely under-

stood only if the details of the potential distribution within the

diode are known. The distribution in a vacuum diode or a low pressure

gas diode is simple, and a typical case is shown in the figure below.

'I,

Potential Diagram in Low Pressure or Vacuum Diode
for No Space Charge

The cathode and anode work functions are 0c and Oa' respec-

tively, and the cell terminal voltage is Vcell. If the space charge

is very small, or compensated, the interelectrode field is uniform,

and the voltage difference is represented by Vd, which in general
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may be positive, negative, or zero. An idealized current-voltage

curve for such a diode is shown in the figure below.

'-4

~aJI

V-I Plot of Vacuum Diode

The cell current will be equal to the saturation emission current of

the cathode, Is, for the cell voltages up to (0c - Oa" For cell

voltages higher than this, the Internal potential, Vd, becomes positive,

and the electrons encounter a retarding potential so that the current

is given by

I=I exp [1 (0c - Oa)_" Veell
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The slope of this curve is e/kT, from which the electron temperature

may be obtained.

In a high pressure thermionic diode the situation is much

more complicated, due mainly to two causes. First, the electrons may

be highly scattered by gas atoms, giving rise to resistive losses in

the plasma. Second, potential sheaths may develop at the electrodes.

When a plasma is in contact with a wall, it will build up a region of

positive ion space charge over distances the order of a Debye shielding

length, given by

d= ( 1/2

4xN e

A typical potential diagram for such a cell will be as shown

in the figure below.

ta

Potential Diagram im High Pressure Diode



The cathode sheath voltage and the anode sheath voltage are given by

Vc and V , respectively. The resistive voltage drop in the plasma is

IR. If the width of the cathode-anode gap is many electron mean free

paths, then the plasma may be characterized by a resistivity 0, and

the cell current density given by

J=N e E ,

in which N is the electron density, p is the electron mobility, ande

I is the internal field.

The current-voltage curve for the high pressure diode does

not have two distinct regions of saturation current and retardation

as does the low pressure or-vacuum diode, but rather a gradual curve

asymptoting to saturation current at positive cell voltages. It is

further complicated by the possible presence of arc currents associ-

ated with volume ionization of the gas for sufficiently positive cell

voltages. The electron temperature cannot be taken directly from a

current-voltage curve, but a method has been described by Carabateus,
*

Pezaris and Hatsopoulos by which the electron temperature can be

obtained from an experimental V-I curve. This method assumes that the

electron density, temperature, and random plasma current density are

uniform except at the sheaths.

Journal of Applied Physics, L2, 352 (March, 1961).
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The current at the cathode and anode, respectively, may be

written
V Va

B e exp (- RC) and I = Ie exp (- ke

where the ion currents have been neglected, which is a good approxi-

mation for large cell currents. The saturation emission current is

Is, Ie is the random electron plasma current and Te is the electron

temperature. The random current is eliminated, yielding

I -I V -VS=exp (e a_.£ C)
I ( e (2)

It is seen from the previous figure that

v -aVc Vcell +IR- (c- 0 a) (3)

Taking logarithms, and making the above substitution,

I - I

In aee ell + IR - (0c - Oa) (4)
Te I U

The electron temperature is obtained from the slope of the
I -I

curve of In sI vs. Vcell + IR - (0c - a)"

In the analysis of experimental data carried out in the

previously mentioned paper, the authors have neglected the IR term,

while in the analysis presented here, this term is evaluated, and is

large under the conditions of the measurements. Their analysis also

does not obtain the sheath voltages, while in the present work, these
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will be computed. Experimental data has been taken in the demountable

cell described in Chapter One of this report using a tantalum emitter.

The current-voltage data selected for analysis was taken at a tempera-

ture of 200°0C and a cesium reservoir temperature of 2930 C. These

curves are shown in Figures 11-1 for gap settings of 7.6 mils and

1.8 ails.

The resistive voltage drop in the plasma can be obtained

using these two curves, under a set of assumptions. These assumptions

are: (a) that the sheath voltages are constant for constant cell

current, cesium pressure and cathode temperature; (b) that the width

of the sheaths are negligible compared to the cathode-anode gap. This

is discussed in Appendix I; (c) that the electric field is uniform

between the cathode and anode sheaths. Under these assumptions the

difference in cell voltage at constant current between the two curves

is attributed to the change in IR drop in changing the spacing. Using

these values for the resistance, it is possible to calculate the

resistance and the IR drop for either of the two spacings. The curve

corresponding to 7.6 ail spacing was chosen for analysis. The IR

contribution is not negligible, except perhaps for very low currents,

as seen from the following table.
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Vcell I IR

0.6 3.05 0.570

0.8 2.99 0.565

1.0 2.74 0.5o6

1.2 2.53 o.440

1.4 2.27 0.343

1.6 2.02 o.263

1.8 1.65 0.178

The saturation emission current was estimated in two ways.

First, by extrapolating to positive cell voltages the region of the

current-voltage curve before arcing, a value of 8 amps/cm2 was obtained.

Second, by assuming that the same fractional decrease in work function

occurs with tantalum as with tungsten for this temperature and cesium

pressure, a work function of 3.6 volts is obtained. Using Richardson's

equation, a saturation emission current in very good agreement with the
I -I

extrapolated value is reached. A plot of ln s 1 vs. V el + IR -

( -c "- a) is shown in Figure 11-2. The anode work function was taken as

1.7 volts so that 0 c - Oa = 1.9 volts was used, although the plot can

be made without this information and then 0c - Oa determined from the

plot.

The plot consists of two straight lines which intersect at a

point corresponding to a current of about 5 amps/cm2 . For currents

lower than this an electron temperature of 4740°K is arrived at from

the slope, and for currents higher than 5 amps/cm2 a temperature of
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12,240'K is obtained. The interpretation here is that at this value

of cell current, the cell suddenly goes over into a mode of operation

associated with volume ionization and the formation of very large

cathode and anode sheaths.

Knowing the electron temperature, it is then possible to

compute the cathode and anode sheath voltage, which will, of course,

depend on cell current. By inverting equations (1), the sheath

voltages can be expressed as

W
e Ie

and
kT I

e e

where the appropriate value of T must be used for each current. Thee

random electron plasma current, Ies can be calculated from the relation

I 1 N e Vt

where Vt is the random electron velocity,

and N is the electron density. The cell current can be expressed as

I ,HeVd "N e PE

where Vd is the electron drift velocity, p is the electron mobility,

and 3 the uniforu electric field between the electrode sheaths. Thus,
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Vt 2kT

IR
Since E - ' where d is the spacing,

1 , k" --

The mobility is given by

eT
P.m

where T is the collision period, given by

1

'cs dc Vt

in which NCS is the cesium atom density, and c c the electron-atom

collision cross section. Substituting this in the expression for Ie'

I (d NCs ec) k% Ce e

The collision cross section has been measured and is taken

here as 6 c = 2 x 10 cm . The cesium atom density, estimated from

the ideal gas low, is N = 9.6 x l0 1 5/cm'. Then the random electron

plasma current finally reduces to

I~=l8~kT 1Ie " 1.83 e-- . N P

R. J. Zollveg and M. Gottlieb, bulletin Am. Phys. Soo., Ser. II, 6,
No. 1,, 359 (June 1961).
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and the sheath voltages to

v - lf (1.83 - .

VCin i..83 2 We

The cathode and anode sheath voltages were thus obtained as

functions of cell current, and the results are plotted in Figure 11-3.

The sheath voltages increase sharply at a cell current density of

5 eIPs/cmF, as soes the electron temperature.

The complete potential distribution in the diode is known

when the resistance drap in the plasma and the sheath voltages have

been determined, and if the work functions are known. The potential

distribution in the diode is shown in Figure Ul-4 for four current

densities. The sharp increase in sheath voltages occurs, of course,

at the same current density as does the increase in electron tempera-

ture. At the lower currents the cathode sheath voltage corresponds

well with the electron temperature, while at the higher currents, the

electron temperature is a fraction of the cathode sheath voltage. This

suggests that at the higher currents electrons lose energy by inelastic

collisions. Volume ionization apparently takes place at these currents.

Since the cathode sheath voltage is less than the ionization potential

of cesium, this probably by a two step process.
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APPENDIX I - SHMATH WID

An estimate of the width of the potential sheaths can be

made by assuming that the plasma is electrically neutral and that

the width will correspond to the Debye shielding distance,

kT 1/2 T 1/2
d ' D 4 v e 2 - 6 .9 0 ( A- Cm.

e •

N I d
• e E e R

e 1 1/e f/ e

m N r(Vt N 0o me

For the diode described here

L=49 i.

At a cell current density of 5.3 amPs/cm2 , e/kTe = 0.967, R - 0.185

ohms, and g = 48.6,

1.22 x o 1/2

d% 6.9 ("1.2 x 10 16 - 2.1 x 10-6 ca.

This value is negligible compared to the cathode-anode spacing.
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CHAPTER TWELV

SPACE CHARGE LIMITED CURRENTS IN HIGH PRESSURE
CESIUM THEMIONTC DIODES

The knowledge of the current-voltege relationships governing

the operation of a thermionic diode is necessary in order to understand

the results of measurements which are made. For a vacuum thermionic diode,

the well-known Childs-Langnuir Law holds in the space charge limited region.

According to this relation, the current is proportional to the square of

the cell voltage. For the case of the high pressure thermionic diode,

the current may be diffusion limited, but will still not necessarily be

linear with cell voltage because of the existence of space charge fields

in the interelectrode space. In order to estimate electron mobility at

high cesium pressure, measurements of current are made in the presence of

a magnetic field.

The expression for cell current in the diffusion limited case,

at high gas pressures, is given by

j - NepE.

The mobility in the presence of a transverse magnetic field is given by

p
0

in which o is the mobility in the absence of the magnetic field, ( -
m

and T is the reciprocal of the collision frequency. The ratio of cell

currents without magnetic field to that with magnetic field is given by

Jo nolo3 n" ý
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The current ratio is then also a measure of the mobility ratio, providing

the electron density is known. A crude estimate of the change in electron

density, under the conditions at which measurements were done, is made here.

The potential distribution is shown in the figure below for the

case of space charge limited current.

" 

4'

A space charge barrier Va in set up by the cell current. Assume that the

net cell current j is given by the current emitted by the cathode, J.,

minus the random plasm current J r If the saturation emission current

from the cathode is je, then that part of this current which surmounts

the potential barrier V is

eV

ie a in exp

The random plasm current is

so that 12 we assume that the electron density is uniform in the cell,

the net current is
eV

h t o e . rr a h n S) t tha wit - ne

The ratio of cell cuirrent without -agntic field to that with magnetic
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field is then given by

eVo
io is exp 1--- /4 Noev" NogoZ°

3h e shis aexp (-Z-) .1/I4N 0 OV Ni

where the subscripts o and h refer to the quantities without and with

magnetic field, reSpectively. If the electron density is uniform, it

is easily shown using Poisson's equation that

Ve M1 Ned
2

where d is the cathode-anode gap. Using this for Vs

e2 d•

The solutions for No and can be obtained graphically from

e~2d2

Jo + 1/WNoeV,.exp e /d NO
is "x o 14Ne

and a similar expression for Nh.

For two typical sets of data,

1. To -252 0 C
cs

T - 9800K

s 3 x 103 a/mi2

2
jo 1.5 a/m

-h 6 x lO1 a/l 2

-e 1506k

V k-_ 1.5 x lO5 m/sec.
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d w 5 x 10-4 M

substituting in the previous equation,

5 x 10"4+ 2 x 10'18 No- exp ( - 1.75 x 10"14 Ito)

2 x 10-4 + 2 x 10o"8 Nh - exP ( - 1.75 x 10"14 Nh)

2. T0* a 300°K

T c-980*K
is a 3 x 103 a/,ý

5o W 10 a/rn 2

Jh " 6.67 a/n

Substituting these values,

3.33 x 10-3 + 2 x 10"1 8 NO - exp ( - 1.75 x 10"14 No)

2.22 x 10-3 + 2 x 1018 Nh - exp ( - 1.75 x 10"1 4 Nh)

The solutions to these equations are shown graphically in the figure.

If it is assumed that D(N, then

0~o (N_) 1_o

Using the values obtained graphically for No and Nh, for T, 2520C

J a" o.945 g

and for Tc. - 3000 C

.o o90

For these conditions C .. , the changs of electron density vith imuetic

field in a rather smal effect.
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The current voltage relationship for the high pressure space

charge limited case is given by Cobine, "Gaseous Conductors", McGraw-

Hill, 1941, and is sumwized here.

j dV

By Poisson's equation

"-2 P (dv7Ux)
dx T

or

dV (dP-

-- l

Integrating,

1 dV 2 n +C

If electrons are emitted with zero velocity, the field at the cathode is

zero and C = Q.

Integrating again

3 _j)112 x3/2 +C

If the cathode is taken as zero potential, C1  0.

If the assumption of zero velocity is not made
1 dV 2  

___ +
9(U) Ix +c

where C is a function of the initial velocity.



12.6

V232/3 / 2/3l/ 2C+

(jV,/,, _ (2)/3 €•-r•113 ,,,.j + ,,- 2 C

(2)1/3 (§1)1/3 xj - V2/3 j2/3 + (2 +?,) 2 C 0

This cubic equation in J1/3 must be solved in order to obtain explicitly

the current-voltage relation.
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5.0

4.0 3.33 X 10- 3+2X 10"1 N

43.0 2. 22X 10" 3+ 2 X 10"18N

o)
3.0

02.N

1.0 5X 104+ 2X 10" N

0 X 1 + 2X 1018 N P. (-1. 75 X 10-14 N)

3.0 3.5 40

Nh- 3.16 x 1 o (No- X 10- / M3  N3.94 i
Nh"3.34 x -10'4  

.o o e 1o141 M3

-Fisg. uý-i I Graphical Solution for Elect~ron Density
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